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Background of the work
Problems in electrochemical organic synthesis 
      The energy applied to systems in electrochemical organic synthesis 
can be controlled precisely by electrode potential nd current, and this brings 
many advantages to electrochemical organic  synthesis.1-3) The field of 
electroorganic chemistry has been existent since 1801.) From that ime on, a 
great deal of published information about synthetic and mechanistic aspects of 
electrochemical organic synthesis has accumulated. Nevertheless, only a lim-
ited number of reactions have been commercialized owing to intrinsic disad-
vantages ofelectroorganic chemistry: 
(i) Organic electrochemical reactions are usually slow, i.e., high current 
densities cannot be used, when compared with typical inorganic 
electrochemical reactions or conventional homogeneous reactions. T h e 
slowness is attributed to a low surface-to-volume ratio of most preparative 
electrochemical ells as well as a slow electron-transfer rate between organic 
reactant and electrode. 
(ii) The requirement that highly polar solvent should be capable of ioniz-
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ing a suitable supporting electrolyte to obtain a high ionic conductivity isre-
strictive. Furthermore, the addition of the supporting electrolyte often leads to 
unwanted side reactions, and makes the product separation processes energy 
consuming. 
      In order to improve the former characteristic, the enhancement of he 
surface-to-volume ratio of the cells using pseudo three-dimensional elec-
trodes,5-9) highly active electrode  catalysts10) and electron mediators11-13) 
have been studied. In order to overwhelm the latter disadvantage, emulsion 
electrolysis14-17) using immiscible two-phase systems, and the solid polymer 
electrolyte (SPE) method18-34) that utilizes ion-exchange membranes a  elec-
trolyte have been developed.
SPE electrolytic method 
      The use of ion-exchange membranes a electrolytes has been origi-
nally developed for fuel cells (polymer electrolyte fuel cells, PEFCs).35,36) 
The first PEFCs were demonstrated in the early stages of the United States 
space program (Gemini) in the 1960s.35,36) In PEFCs the reactions at the an-
ode and cathode generally involve only gaseous species, hydrogen and oxy-
gen, respectively, asshown in Fig. la and the overall cell reaction is
H2 + 1/202 H2O [1]
Electrical energy is obtained through a load inserted between the cathode and 
anode. On the other hand, supplying electrical power to PEFCs conversely 
produces hydrogen and oxygen from water:
H2O H2 + 1/202 [2]
This system is called as "SPE electrolytic method", and has attracted much at-
tention for use in water electrolyzers,37) brine electrolyzers,38) and electrolyz-
ers for organic synthesis.l8-34) 
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F i  g. 1. Principles of (a) PEFC and (b) electrochemical dehydrogenation of 
AH2 to A by SPE method. SPE: solid polymer electrolyte.
AH2 to A on a Pt-SPE composite electrode consisting of a cation-exchange 
membrane and porous platinum. One porous platinum layer deposited on the 
cation-exchange membrane is used as anode, and the other as cathode. An or-
ganic solution containing AH2 and water are filled in the anode and cathode 
compartments of the electrolytic cell, respectively, and a DC voltage is applied 
between the electrodes. On the anode the following reaction  proceeds:
AH2 A + 2H+ + 2e- [3]
While the A molecule produced by reaction [3] stays in the anode compart-
ment, the proton moves through the cation-exchange m mbrane tothe cath-
ode, where it is reduced to produce hydrogen gas:
2H++2e H2 [4]
The counter-ion of the cation-exchange membrane i.e., proton, sustains ionic 
conductivity between the anode and cathode. The anolyte and catholyte, 
hence, do not need to have ionic conductivity; that is, no supporting electrolyte 
is required. This extends solvent selection and eliminates difficulties in sub-
sequent product purification processes. The SPE method is therefore 
promising for use in commercial electroorganic synthesis.
Application of SPE method to electroorganic synthesis 
      The application of the SPE methodto electrochemical synthesis has 
been so far reported for the hydrogenation f olefinic compounds (Pt-, Au-, 
Au-modified Pt-, and Pt-modified Au-Nafion),19) the Kolbe-type reactions of 
acetic acid and monomethyl adipate (Pt-Nafion),20) the reduction of nitroben-
zene sulfonic acid and nitrobenzene (Pt-Nafion),21) the reduction of benzalde-
hyde to benzylalcohol (Pt-Nafion and Pb-modified Pt-Nafion),3o-32) etc. The 
utilization of simple redox couples as mediators may elongate the life of the 
electrodes and enhance reaction selectivity. The oxidation of cyclohexanol to
cyclohexanone on Pt-Nafion using an I-/I(+) mediatory system23) and the
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methoxylation of furan using a  Br  Br2 mediatory system22) have been so far 
reported.
SPE composite electrodes incorporating cationic mediators 
      Electrodes coated with Nafion, which are prepared by casting of dis-
solved Nafion in alcohol on solid electrodes, also have received much atten-
tion owing to their properties that various electrochemically nd optically ac-
tive cations can be incorporated into the Nafion film 39-44) In SPE composite 
electrodes, the electrode materials are covered with Nafion polymer electrolyte; 
hence, SPE composite electrodes may be regarded as a kind of polymer-coated 
electrodes. In addition, the polymer layer of the SPE composite lectrode is 
bounded more tightly to the electrode material, more well-defined, and more 
stable than those of the polymer coated electrode. 
      Cationic mediators can be incorporated electrostatically into the 
Nafion membrane of the SPE composite lectrode. This incorporation may 
lead to a greater selectivity compared with conventional methods and eliminate 
the separation process of the mediator. The use of mediatory system has been 
reported for the oxidation of cinnamyl alcohol to cinnamaldehyde26,27) 
(Mn2+/MnO2 and Pb2+/PbO2), the oxidation of geraniol29) (Mn2+/MnO2), 
etc.
Perfluorinated ion-exchange membranes35,36) 
      The early membranes tested in PEFCs include the hydrocarbon-type 
polymers uch as cross-linked polystyrene-divinylbenzene sulfonic acids and 
sulfonated phenolformaldehyde. However, it was observed that the life of 
PEFCs was limited by oxidative degradation f the polymer. Hydrocarbon-
type polymers are unstable because of C-H bond cleavage, particularly at the 
a-H sites where the functional groups are attached. The research developed in 
the early 1960s led to the development of Nafion (registered trademark of E. I . 
DuPont de Nemours) membranes, which are perfuorosulfonic acid mem-
branes that are electrochemically stable in PEFCs at temperatures up to about
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 100°C. This polymer consists of the following ionomer units:
-{{CF2CF2t-
T-(1CF2Fjrtr 
(OCF2 i C F3) p 
OCF2CF2SO3H
m = 6 -10 p
Nafion has two features incommon: (i) the polymer chains consist mainly of a 
PTFE backbone, which statistically forms egments ofseveral units in length, 
and (ii) the perfluorinated vinyl polyether, which joins these segments oform 
a flexible pendant branched from the main perfluoro chain and carries a termi-
nal acidic group to provide the cation-exchange property. Nafion membranes 
with sulfonic acid groups meet all the required characteristics of ion-exchange 
membranes for use in fuel cells. Nafion was first used in fuel cells in 1966, 
and it is still the most widely tested ion-exchange membranes in PEFCs. 
      The Nafion membranes, which are fully fluorinated polymers, exhibit 
exceptionally high chemical and thermal stability; that is, they are stable 
against chemical attack in strong oxidizing and reducing agents at temperatures 
up to 125°C. A high degree of dissociation and a high concentration f mo-
bile H+ ions give a conductivity of greater than 0.05 S cm-1 at 25°C. The 
range of equivalent weights, which is defined as the weight of polymer that 
neutralizes one equivalent ofbase, and is inversely proportional to the ion-ex-
change capacity, for Nafion is 950-1800. The perfluorinated sulfonic acid 
group rovides ahighly acidic environment (comparable to a 10 wt.% H2SO4 
solution) in a hydrated membrane. 
      For SPE composite lectrodes for use in electroorganic synthesis, 
Nafion membranes have been mainly used because they are chemically and 
thermally stable, and have high ionic conductivity. 
      A new series of perfluorosulfonic a id membranes that has recently
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become available from Dow Chemical Company provides an attractive alterna-
tive to Nafion in  PEFCs.45,46) This new polymer has a PTFE-like backbone 
similar to that of Nafion, but the pendant side chain containing the sulfonic 
acid group is shorter. This polymer possesses ion-exchange properties similar 
to those of Nafion, and it is also available with higher acid strength and lower 
equivalent weight (600-950), which leads to a higher ionic conductivity han 
that of Nafion. PEFCs using the Dow membranes are capable of achieving a
maximum power density as high as 2.7 W cm-2 (5.38 A cm-2 and 0.5 V) with 
H2 and 02 at 0.68 MPa.45) 
      Perfluorinated ion-exchange membranes that have carboxylate groups 
as ion-exchange sites have also been produced for chlor-alkali cells and other 
applications. These are the Flemion® membranes49) (Asahi Glass Co.,Ltd.), 
Nepsepta®-F membranes50) (Tokuyama Soda Co.,Ltd.), and the perfluori-
nated membranes produced by the Asahi Chemical Industry Co 51)
Microstructure ofNafion 
      As observed in other non-crosslinked ion-exchange membranes such 
as ethylene-methacrylic acid copolymer, the ion-exchange sites in Nafion 
membranes aggregate and form clusters. Ionic clustering in Nafion mem-
branes has been indicated by a variety of physical studies including dielectric 
relaxation, small angle X-ray scattering (SAXS),50) neutron scattering,51) 
electron microscopy,52) NMR,53)IR,54) and several transport s udies 55-57) 
Gierke et al.58,59) developed a cluster-network model shown in Fig. 2 to de-
scribe Na+ ion-transport through Nafion in chlor-alkali cells. This structure 
can be described as an reversed micelle in which the ion-exchange sites, 
counter-ions and absorbed water are microscopically separated into a spherical 
domain from the perfluoro backbone domain. Tables 1 and 2 show the cluster 
diameters obtained for Nafion membranes of different EWs and counter-ions 
assuming cubic close packing of clusters 58) As EW increases, the cluster di-
ameter decreases (Table 1). This trend may be understood byrecognizing that 
the crystallinity and polymer stiffness increase with increasing EW. As the 
cation weight increases, the cluster diameter decreases (Table 2). Clearly, the
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Fig. 2. Cluster-network model for Nafion perfluorinated membranes.58) 
The shaded area around the interface and inside a channel are the double layer 






































































a) Samples were conditioned by boiling 1 h in 0.2% NaOH.



































































a) Samples were conditioned by boiling 1 h in H2O .
hydrophilicity ofthe exchange site is lower with the heavier cations, which is 
consistent with the fact that the heavier cations are more strongly interacted 
with the exchange sites. 
      Yeager and  Steck60) later studied Na+ and Cs+ transport through 
swollen Nafion. While the diffusion coefficient of Na+ was greatly affected 
by a change in the water content of Nafion, that of Cs+ remained unchanged. 
These results allowed them to propose athree phase model that an interfacial 
region exists between the two domains of Gierke's model, and to conclude 
that, while Na+ permeates through the ionic cluster domain, Cs+ permeates 
through the interfacial region which is not affected by the change in water 
content. Ogumi et a1.61) studied the permeation of hydrogen and oxygen 
through Nafion membranes with different counter-ions. They observed that 
the solubility values of H2 and 02 in the Nafion membranes (about 10 mM) 
were independent of the water content of the membranes and were close to 
those in perfluorocarbon media rather than to that in water. They also ob-
served that the diffusion coefficients of H2 and 02 in the Nafion membranes 
were independent oftheir water contents. From these observations, they 
concluded that he interfacial region is the main path of hydrogen and oxygen 
molecules permeating through Nafion, and consists of the amorphous part of 
the backbone and the flexible side chains of Nafion, as shown in Fig. 3. 
Various properties such as solvent uptake,62,63) ion-exchange s lectivity,64) 
permeation oforganic molecules,65,66) etc., have been explained in terms of 
the multi-phase structure ofNafion.
Outline of the work
      In the SPE composite electrodes, the electrode materials are covered 
with Nafion polymer electrolyte as mentioned above. Since the active sites of 
the SPE composite electrodes are located in the complex environment of the 
Nafion membrane as shown in Fig. 4, some hydrophilic/hydrophobic interac-































Fig. 3. Three-phase model for Naf ion. 61) Reg ion A: rigid hydrophobic
backbone. Re gion B: fl exible perfluorocarbon where gases permeate. Re gion
C: ionic cluster region containing water similar to bulk water.
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active sites of SPE comp osite electrode
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may affect reaction mechanism and enhance specific selectivity during elec-
trolysis. The aim of the present work is to clarify the effects of the hy-
drophilic/hydrophobic interactions between organic reactants and Nafion and 
to develop anovel SPE method utilizing the multi-phase tructure ofNafion. 
      Part I devoted to the studies on the effects of the hydrophilic/hydro-
phobic interactions between organic reactants and Nafion using the reduction 
of nitrobenzene oncopper-modified Pt-Nafion as a model reaction. The loca-
tion of the reaction sites of the SPE composite electrodes, and the effects of 
the Nafion polymer on the product distribution and the reactant selectivity are 
discussed interms of the multi-phase tructure ofNafion. 
      In chapter 1, SPE composite lectrodesprepared by deposition of 
platinum on Nafion, Pt-Nafions, were modified by electrochemical deposition 
of nickel (Ni,Pt-Nafion) and copper (Cu,Pt-Nafion). The modified electrodes 
were applied to the reduction of nitrobenzene. The modification was effective 
for aniline formation, and suppressed side reactions such as hydrogen evolu-
tion. On Cu,Pt-Nafion the Bamberger rearrangement was inhibited and nop-
aminophenol was obtained. The inhibition was caused by  Nafion which cov-
ered the active sites of Cu,Pt-Nafion. It was suggested that SPE composite 
electrodes behaved in the same manner as polymer coated electrodes. The ac-
tive sites for charge transfer reaction was concluded to be at the interior sur-
face of the metal layer bound to Nafion. 
      In chapter 2, the effects of solvents on the electroreduction f ni-
trobenzene on Cu,Pt-Nafion were studied. The presence of a sufficient 
amount of a co-solvent in the catholyte or in the anolyte facilitated the reduc-
tion of nitrobenzene toaniline. Without a sufficient amount of a co-solvent, 
the mass transport of nitrobenzene to the active sites was suppressed, and hy-
drogen evolution became significant. The solubility parameter value, Smix, of 
the catholyte was found to be an important index for predicting the effective-
ness of mass transport ofnitrobenzene to the active sites of the SPE composite 
electrode. When an aqueous solution was used as the anolyte, catholytes with 
bmix > 11 cal1/2 cm-3/2 were effective for aniline production by the electrore-
duction of nitrobenzene onCu,Pt-Nafion.
—14—
      In chapter 3, the influence of Nafion and its multi-phase structure on 
reactant selectivity in the electroreduction f aromatic nitro compounds on 
Cu,Pt-Nafion was investigated. An equimolar solution ofp-nitrotoluene and 
p-nitrophenol, and an equimolar solution of o- and p-nitrotoluene were sub-
jected to electroreduction  Cu,Pt-Nafion. The reactant selectivity, that is, 
the relative ease with which the reactants are reduced to the corresponding 
amino compounds, was compared with that on a conventional Cu electrode. 
Para-nitrotoluene was preferentially electroreduced in both of the equimolar 
solutions tested. Enhanced selectivity was observed with Cu,Pt-Nafion rela-
tive to the Cu electrode. The enhanced selectivity with Cu,Pt-Nafion was ex-
plained in terms of hydrophilic/hydrophobic interactions between the reactants 
and Nafion, which has a multi-phase tructure consisting of the  polytetrafluo-
roethylene backbone, ionic clusters, and an interfacial region (a hydrophobic 
amorphous region). 
      In chapter 4, an SPE composite lectrode using a hydrocarbon sul-
fonate ion-exchange membrane, Selemion® CMV, was prepared (Cu-Se-
lemion). Nitrobenzene was electroreduced on Cu-Selemion. At current den-
sities greater than 32 mA cm-2, the current efficiency for aniline production 
decreased significantly because of hydrogen evolution. In addition, a small 
amount of dimerized product was formed as a by-product. The reaction selec-
tivity and the mass transport rate were improved by Nafion coating on Se-
lemion. With Nafion-modified Cu-Selemion, aniline was obtained selectively 
and the current efficiencies for aniline production were as high as 90 % at cur-
rent densities up to 70 mA cm2. 
      In chapter 5, a flow-through cell using Cu,Pt-Nafion with low Pt-
loading (0.9 mg cm2) was fabricated, and was served for the reduction of ni-
trobenzene. The current efficiency of aniline production was ca. 80% at cur-
rent densities up to 32 mA cm2. A small amount of a dimerized compound, 
which was not produced with the batch cell, was formed as a by-product. The 
current efficiency for aniline production decreased significantly at current 
densities greater than 32 mA cm2. Even in the low current density region (up 
to 32 mA cm2) the current efficiency decreased with increasing charge passed
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beyond  ca. 2000 C. This decrease in current efficiency was caused by hydro-
gen evolution and the permeation of aniline to the anolyte. The oxidation of io-
dide ion was examined as the anodic reaction in place of oxygen evolution. 
The cell voltage was lower than 1.0 V, and was stable for a long period. 
However, the decrease in current efficiency with charge passed was more sig-
nificant than that using oxygen evolution as the anode reaction.
      Part II is devoted to the development of a novel SPE method that 
takes advantage of the multi-phase tructure of Nafion. A phase-transfer me-
diator, viologen, was incorporated into the Nafion membrane, and the phase-
transfer eaction between the hydrophilic ionic cluster domain and the hy-
drophobic interfacial region was applied to electroorganic synthesis. The 
structure ofthe Nafion incorporating viologen and the residence sites of violo-
gen were analyzed by small angle X-ray scattering and Raman spectroscopy, 
respectively. Part II includes another phase-transfer system using a Br21Br 
redox couple. 
      In chapter 6, various N, N'-dialkyl-4,4'-bipyridinium salts (violo-
gens) were incorporated in Cu,Pt-Nafion as phase transfer mediators. Elec-
trochemical debromination of meso-1,2-dibromo-1,2-diphenylethane was 
carried out on the SPE composite electrode. The results were compared with 
those obtained in an emulsion system consisting of water and 
dichloromethane. Ofthe viologen compounds tested, propyl viologen was 
the most effective mediator for the SPE composite electrode, while octyl vio-
logen dibromide was the most effective mediator inthe emulsion system. The 
active species for the debromination in the emulsion system was shown to be 
the doubly reduced neutral form of viologen that was generated by the dis-
proportionation f cation radicals. The disproportionation constant, Kd, of 
octyl viologen cation radical in a two-phase system consisting of water and 
dichloromethane was estimated tobe 809. The reaction mechanism on the 
SPE composite lectrode was discussed, and it was proposed that he active 
species was generated by disproportionation at the microscopically heteroge-
neous interface between the hydrophilic and hydrophobic domains of the
-16-
Nafion. 
      In chapter 7, the structure of Nafion membranes incorporating large 
organic ations, tetraethylammonium (TEA+) and  1,1'-dialkyl-4,4'-bipyri-
dinium cations (CnV2+, n = 3 and 8), was studied using small-angle X-ray 
scattering (SAXS). For TEA+- and C3V2+-form embranes, the SAXS 
maxima show the presence of the ionic clusters as large as those for Na+-
form (ca. 4 nm in diameter). For C8V2+-form embranes, the inter-cluster 
distance xpanded toa value larger than that of the original H+-form after the 
ion-exchange r action for 5 days. However, the water content and cluster 
size decreased significantly after the ion-exchange r action for 50 days or 
boiling treatment. 
      In chapter 8, the electrochemical and Raman spectroscopic behavior 
of propylviologen i corporated into the Nafion film coated on a silver elec-
trode was studied. The results were compared with those on Ag in solutions 
containing Triton X-100, cetyltrimethylammonium bromide (CTAB) and 
sodium dodecyl sulfate (SDS) micelles. Propylviologen i corporated into 
Nafion showed unusual electrochemical and Raman spectroscopic behavior. 
The half-wave potential for the second step was shifted to a negative potential 
with respect o that in an aqueous olution, and only a small amount of the 
doubly reduced form was detected by Raman spectroscopy. Similar behavior 
was observed in the anionic SDS micellar solution. On the basis of the ob-
served similarity, the residence sites of propylviologen i Nafion were dis-
cussed. 
      In chapter 9, the anodic bromination oftoluene was studied on a Pt-
Nafion composite electrode using neat oluene as the anolyte without adding a
supporting electrolyte. While brominated products were sparingly produced 
in the dark, benzyl bromide was obtained selectively with a high current effi-
ciency of 70.5% under irradiation with fluorescent light. The current effi-
ciency was greatly affected by the HBr concentration n the catholyte, and was 
the highest at 5 M. The reaction mechanism for bromination and the mass 
transport ofthe reactant in the SPE composite electrode were discussed.
-17-
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Effects of Hydrophilic/Hydrophobic 
Interactions on the Reduction 
of Aromatic Nitro Compounds

Chapter 1
Reduction of Nitrobenzene 
on Modified Pt-Nafion
1.1. Introduction 
     Electrochemical organic synthesis has many merits and has so far been 
investigated by many workers. However, only a few processes have been 
commercialized because of inherent weaknesses in electrochemical methods. 
One of the greatest problems i  that he addition of supporting electrolyte is
required. This requirement often leads to difficulties in product isolation and 
facilitates side reactions. To overcome these problems, Ogumi et  a1.1-4) have 
proposed the application of solid polymer electrolyte (SPE) electrolyzers to
electro-organic synthesis. The SPE electrolyzers have been applied to elec-
trolysis of water,5) brine,6) etc. The advantage ofthe SPE electrolyzers that 
no supporting electrolyte isrequired simplifies product separation and purifi-
cation and diminishes side reactions. 
     The electroreduction of itrobenzene has been a subject of considerable 
interest because it is one of valuable and promising reactions for industrial
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aniline synthesis. The mechanism of the electrochemical reduction of ni-
trobenzene is complicated, and the distribution of the products is affected by 
many factors such as electrode material, electrolyte composition, electrode 
potential, temperature, etc., as shown in Scheme 1.1. In acidic media, the 
main products are aniline (6-electron process),  and  p-aminophenol andp-ani-
sidine (4-electron process followed by Bamberger rearrangement) as shown in 
Scheme 1.2 7,8) Ogumi et al.4) studied on the reduction of nitrobenzene on 
Pt-Nafion, which was prepared by deposition of platinum on Nafion. Al-
though aniline andp-aminophenol were obtained on Pt-Nafion, the current ef-
ficiencies were low. Platinum is a desirable material for deposition on Nafion 
as the electrode material because of its chemical stability and easy deposition 
by electroless plating methods;1) however, it is not suitable for the reduction 
of nitrobenzene b cause of its very low hydrogen overvoltage. 
     In this chapter, Pt-Nafion is modified by depositing nickel and copper 
onto the platinum layer bound to Nafion, so that hydrogen overvoltage of Pt-
Nafion is enhanced. The modified Pt-Nafion composite lectrodes are then 
utilized for the reduction of nitrobenzene and the effect of the modification on 
the product distribution is examined. The location of the active sites of the 
modified electrodes and the influence of Nafion on the reaction selectivity in 
the reduction of nitrobenzene are discussed.
1.2. Experimental 
1.2.1. Pt-Nafion 
Nafion® 415 (product of du Pont Co.) was used as the SPE material. 
Pt-Nafion was prepared by an electroless plating method reported by Ogumi et 
a1.1) using hydrazine as a reductant.
1.2.2. Modification of Pt-Nafion with Ni and Cu 
    Method A. Pt-Nafion was immersed in0.5 M CuSO4 or 0.5 M NiSO4 
for 12 h, and the counter-ion of Nafion was changed from H+ to Cu2+ or
-26-
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Scheme 1.2. Reaction mechanism for the reduction of nitrobenzene 
in acidic media.
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 Ni2+, respectively. After washed with distilled water, the treated Pt-Nafion 
was mounted in an electrolytic cell shown in Fig. 1.1. Distilled water was 
filled in the cathode and anode compartments. Counter ion, Cu2+ or Ni2+, 
was cathodically reduced by passing a charge of 3.2 C cm2 at 1.6 mA cm-2. 
Copper or nickel was deposited on the interior surface of platinum layer of Pt-
Nafion.
MethodB. After Pt-Nafion was immersed in 0.04 M CuSO4 for 3-4 
h, it was mounted in the electrolytic cell. 0.02 M CuSO4 and air were filled in 
the anode and cathode compartments, respectively. The counter-ion, Cu2+, 
was galvanostatically reduced by passing a charge of 4.2 C cm-2 at 5.0 mA 
cm2.
     Method C. Copper was deposited according to method B except that 
nitrogen instead of air was passed through the cathode compartment.
Method D. After Pt-Nafion was immersed in 0.04 M CuSO4 for 3-4 
h, it was placed at the bottom of a beaker type cell shown in Fig. 1.2 that was 
filled with 0.02 M CuSO4. Copper was deposited on Pt-Nafion by passing a 
charge of 4.2 C cm-2 at 5.0 mA cm-2.
1.2.3. Electrolysis 
     The el ctrolytic cell consisted of two compartments as hown in Fig. 
1.1. The SPE composite functioned as a separator dividing the anode and 
cathode compartments. The effective geometric surface area of the composite 
electrode was 3.1 cm2. The volume of each compartment was 12 cm3. Two 
sheets of expanded Ti mesh covered with platinum gauze were pressed onto 
both sides of the composite and functioned as current feeders. A methanol 
solution containing 30% by volume (vol.%) and pure water were used as the 
catholyte and anolyte, respectively. Electrolysis was carried out galvanostati-




 F  i  g  . 1.1. Schematic diagram of the electrolytic cell. (a) SPE composite 
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Fig. 1.2. A cell for plating copper on Pt-Nafion by Method D. (a) Pt-
Nafion; (b) Platinum bound to Nafion; (c) Pt wire counter electrode, (d) Lead 
for cathode.
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1.2.4. Amounts of deposited copper 
     Cu,Pt-Nafions prepared by methods A, B and C were immersed in a 
mixed solution of 20 cm3 of 1 M  HCl and 1 cm3 30% hydrogen peroxide, and 
the copper layer deposited on the Cu,Pt-Nafion was dissolved. The amount 
of dissolved copper ion was measured spectroscopically.
1.2.5. Chemicals 
     Nitrobenzene, methanol, NiSO4•H2O, and CuSO4•5H2O were of re-
agent grade (Wako Pure Chemical), and were used without further purifica-
tion.
1.2.6. Analysis 
     Product mixtures were analyzed with an HPLC fitted with a Hitachi 
Gel 3010 column. The isolated products were identified by IR spectroscopy. 
Acetophenone was used as the internal standard for quantitative analysis.
1.3. Results 
1.3.1. Copper deposition 
     The amounts of copper deposited by methods A, B and C were 0.7, 
1.2, and 1.4 mg cm-2, respectively. By method A, the copper ion that resided 
in Nafion as the counter-ion was deposited. The amount of deposited copper 
(0.7 mg cm-2) was consistent with the value calculated from the exchange ca-
pacity of Nafion 415. Despite the same charge passed for the copper deposi-
tion, the amount of copper deposited by method B was less than that by 
method C. By method B, the reduction of oxygen in the air filled in the cath-
ode compartment competed with the copper deposition.9) This is the reason 
for the observed difference inthe amounts of copper deposited by methods B
and C. It is reasonable to consider that in the three methods, A , B and C, 
copper was deposited on the interior surface of the platinum layer of Pt-
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Nafion, where the membrane and the platinum layer overlapped. This was 
supported by the observation that only the interior surface of the platinum 
layer of Pt-Nafion changed in color from gray (Pt) to brown (Cu) during cop-
per deposition while the exterior surface remained gray. In the case of method 
D, on the other hand, the color of the exterior surface of the platinum layer 
changed from gray to brown. This clearly shows that copper was deposited 
mainly on the exterior surface of platinum layer of Pt-Nafion by method D.
1.3.2. Ni,Pt-Nafion 
     Constant current electrolysis was carried out using Ni,Pt-Nafion pre-
pared by method A. Figure 1.3 shows the current efficiencies for aniline and 
p-aminophenol production after 2000 C were passed. It was previously re-
ported by Ogumi et al. that he current efficiencies for aniline  andp-aminophe-
nol production on Pt-Nafion were ca. 30% and ca. 15%, respectively.4) The 
current efficiency for aniline production was enhanced markedly by the de-
position of nickel on Pt-Nafion. This indicates that nickel deposition on Pt-
Nafion resulted in an enhanced hydrogen overvoltage. On the other hand, the 
current efficiency forp-aminophenol production was lowered. Consequently, 
the deposition of nickel on Pt-Nafion enhanced a selectivity for aniline pro-
duction. Solanki10) reported that electrochemical reduction ofnitrobenzene on
a nickel cathode in an ethanol solution containing sulfuric acid gave aniline at a 
current efficiency of 52%. The acidity in Nafion used as the SPE material was 
estimated from its exchange capacity and water up-take to be as strong as 1-3 
M sulfuric acid. Under the present electrolytic conditions, water, which per-
meates from the anode compartment through Nafion, and methanol in the 
catholyte undergo mixing in the vicinity of the reaction sites. Therefore the 
conditions at the reaction sites in Ni,Pt-Nafion should be similar to those in 
the case of Solanki. This similarity can explain the comparable current effi-
ciencies for aniline production.
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Fig. 1.3. Dependencies of current efficiencies for aniline and p-amino-
phenol formation on current density on Ni,Pt-Nafion in nitrobenzene 30% in 
methanol. •; aniline, • ;p-aminophenol.
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1.3.3. Cu,Pt-Nafion 
     Cu,Pt-Nafion wasexpected to have a higher hydrogen overvoltage 
than Ni,Pt-Nafion, and was applied to the reduction of nitrobenzene under 
similar conditions. Figure 1.4 shows the dependencies of the current effi-
ciency for aniline production and the terminal voltage on the current density. 
Curves A, B and C in Fig. 1.4 correspond to the results using the Cu,Pt-
Nafion composite lectrodes prepared by methods A, B and C, respectively. 
Although Pt-Nafion and Ni,Pt-Nafion  gave  p-aminophenol, no p-aminophe-
nol was produced on Cu,Pt-Nafion. Only hydrogen was formed as a side re-
action on the latter composite electrode. Cu,Pt-Nafion prepared by method C 
gave a current efficiency as high as 98%. While an increase in the amount of 
deposited copper up to 1.4 mg cm-2 led to a higher current efficiency for ani-
line formation, the amount of copper deposition beyond 1.4 mg cm -2 did not 
enhance the current efficiency further. The terminal voltage was as low as 4 V 
at 130 mA cm-2, and remained unchanged for more than several hours. The 
terminal voltage was not affected by a change in the amount of deposited cop-
per. The linear current density dependence of the terminal voltage suggests 
that he ohmic drop through the membrane is responsible for the major part of 
the terminal voltage. Figure 1.5 shows the dependencies of the current effi-
ciency and terminal voltage on current density using the composite lectrode 
prepared by method D. Despite the same amount of copper as that by method 
C, the current efficiency was at most 70%, and hydrogen evolution was ob-
served uring electrolysis.
1.4. Discussion 
     Electrolytic deposition of copper on Pt-Nafion should preferentially 
cover the electrochemically active platinum surface. An effective surface 
roughness factor of 6 was reported for Pt-Nafion in Kolbe-type reactions.3) 
SEM micrographs of the surface of platinum deposited by the electroless plat-






















Fig. 1.4. Dependencies ofcurrent efficiency for aniline formation and 
terminal voltage on current density on Cu,Pt-Nafion prepared by Methods A 
(s), B (s), and C (0) in nitrobenzene 30% in methanol. • ; Terminal 
voltage.
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 F  i  g  . 1.5. Dependencies of current efficiency for aniline production and 
 terminal voltage on Cu,Pt-Nafion prepared by Method D in nitrobenzene 30% 












surface area required a copper deposition of 1.4 mg  cm-2 in order to cover the 
whole active platinum surface bound to Nafion effectively. When copper de-
position was less than 1.4 mg cm-2, the remaining bare platinum surface was 
used for hydrogen evolution. The current efficiency for aniline production 
was consequently low as shown by curves A and B in Fig. 1.4. Although 
copper might be oxidized by oxygen in air, the oxidized copper was reduced 
during the next electrochemical reduction process and effectively re-deposited 
on the platinum surface. Although bare platinum might have remained after 
deposition of 1.4 mg cm2, it was not active for the reduction of nitrobenzene 
at low current densities. At higher current densities, the penetration depth of 
current into the electrode layer embedded on Nafion becomes deeper, and the 
platinum surface that remains uncovered with copper begins to function as the 
active sites for hydrogen evolution. The current efficiency for aniline produc-
tion thus decreased at current densities greater than 100 mA cm-2. 
In the SPE method, mass transport is complicated. In the reduction of
nitrobenzene, the reactant and product must move to and from the active sites 
on the electrode deposited on Nafion through athin porous electrode layer, re-
spectively. It is important to know about he location of the active sites for a 
charge transfer reaction on SPE composite electrodes inorder to improve per-
formance. Two typical cases are schematically shown in Fig. 1.6. In case 
(a), the active sites are located at the interior surface of the deposited metal 
layer (in contact with Nafion). In case (b), the active sites are located at the 
exterior surface. In the former case, nitrobenzene must move through the 
porous metal ayer, and the reaction would be affected by the polymer 
(Nafion) surrounding the reaction sites. In the latter case, charge has to be 
carried by ionic species through the catholyte penetrating into the porous metal 
layer. Since the catholyte did not contain any ionic species, ionic conduction 
was difficult. On the Cu,Pt-Nafion composite electrodes prepared by methods 
A, B and C, the interior surface of platinum layer should be covered by copper 
[case (a) in Fig. 1.6]. On the other hand, in the case of Cu,Pt-Nafion pre-
























Fig. 1.6. Schematic figures of the active site on Pt-Nafion. The active 
sites are located at the inner (a) and out (b) side of deposited platinum.
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surface of the platinum layer [case (b) in Fig. 1.6]. On the latter electrode, the 
enhancement of he current efficiency was less pronounced than on the former 
electrodes ( ee  Fig.  1.5 and curve C in Fig. 1.4). These results uggest that 
copper coating on the exterior surface of the platinum layer was not effective 
as a modifier of Pt-Nafion. It is therefore concluded that he active sites are 
located on the interior surface of the platinum layer deposited on Nafion. Ni-
trobenzene is known to receive lectrons directly from cathode. The electron 
transfer is a key step;7'8) hence, the charge transfer reaction takes place on the 
interior surface of the deposited metal on SPE composite lectrodes. This 
conclusion does not contradict a result reported by Ogumi et a1.2) that he elec-
trochemical hydrogenation took place on the exterior surface of the deposited 
Pt-layer of Pt-Nafion. In the hydrogenation, the reaction proceeds through an 
initial charge transfer to protons followed by a catalytic hemical reaction. 
This following chemical reaction takes place on the exterior surface of Pt-
Nafion. In their paper the active sites for the charge transfer reaction were not 
discussed. In electrochemical hydrogenation, the charge transfer eaction 
would take place on the interior surface as concluded in this chapter. The 
atomic hydrogen, which is produced by the charge transfer reaction, can move 
fairly rapidly through the platinum layer11), and could easily reach the exterior 
surface of the platinum layer, where it participates in the hydrogenation. 
     It should be noted that aniline was selectively formed on Cu,Pt-
Nafion. Marquez and Pletcher12) reported thatp-aminophenol was a major 
product in the reduction of nitrobenzene in 3 M H2SO4 in acetone/water 
(50:50 by volume) at a copper cathode. As discussed above, the reaction sites 
on Cu,Pt-Nafion are located at the interior surface of deposited metal which is 
in contact with the Nafion. The acidity of Nafion is calculated to be as strong 
as 1-3 M H2SO4; the present reaction conditions are similar to those of Mar-
quez and Pletcher.12) Incontrast to their results, nop-aminophenol was ob-
tained in the present conditions. The Bamberger rearrangement of he inter-
mediate, which is catalyzed by acid, givesp-aminophenol.7'8) This rear-
rangement was inhibited in the present conditions regardless of the similar
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acidity at the reaction site. This inhibition is attributable to the influence of 
Nafion that covers the active surface of Cu,Pt-Nafion. Details of the effect are 
not yet clear, but some hydrophobic interactions between Nafion and the in-
termediates are inferred. The influence of Nafion on reaction selectivity will 
be discussed in subsequent chapters.
1.5. Conclusion 
     Electrolytic plating of copper or nickel on Pt-Nafion modified the elec-
trochemical properties of Pt-Nafion. This technique expands the application 
area of Pt-Nafion. The modification was very effective in the reduction of ni-
trobenzene, and the current efficiency for aniline  formation was enhanced be-
yond 95% on Cu,Pt-Nafion. On the copper-modified composite electrode, 
aniline was predominantly produced despite strongly acidic conditions at the 
reaction sites. The reaction selectivity that favored aniline formation was at-
tributable to the influence of Nafion. The charge transfer reaction of nitroben-
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Chapter 2
Effects of Solvents 
on the Electroreduction 
of Nitrobenzene on Cu,Pt-Nafion
2.1. Introduction 
     The application of solid polymer electrolyte (SPE) electrolysers to or-
ganic syntheses has been reported by Ogumi et  al.1-3) The SPE method elimi-
nates the need for a supporting electrolyte, the addition of which often leads to 
difficulties in subsequent product purification processes and to unwanted side 
reactions. 
     In chapter 1, the reduction of nitrobenzene using Cu-modified Pt-
Nafion was studied.4) The charge transfer reaction was found to proceed at 
the interface between the Nafion and the platinum layer of SPE composite 
electrodes. Deposition of copper on the platinum surface in contact with the 
Nafion suppressed hydrogen evolution, and nitrobenzene was reduced prefer-
entially to aniline with current efficiencies greater than 95%. These results 
imply that some interactions between itrobenzene and Nafion may be at 
work.
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     Chen et  a1.5) have previously reported on the effects of solvents on the 
oxidation of cinnamyl alcohol to cinnamaldehyde using Pt-Nafion incorporat-
ing a manganese r dox couple. When an aqueous solution was used as the 
catholyte, solvents in the anolyte such as tetrahydrofuran (THF) or dimethyl 
ether, which have high solubility in water, were adequate for the electroxida-
tion of cinnamyl alcohol to cinnamaldehyde. On the other hand, when carbon 
tetrachloride, which has low solubility in water, was used as a solvent in the 
anolyte, oxygen evolution became dominant. The structure of Nafion is gen-
erally accepted to be microscopically separated into two phases: hydrophilic 
ionic clusters and hydrophobic polytetrafluoroethylene-like backbones6,7) 
The active sites of the SPE composite electrode are located in the ionic clusters 
in the Nafion, and the manganese r dox couple is also found in this region. 
Since cinnamyl alcohol is sparingly soluble in water, it is difficult for cin-
namyl alcohol to penetrate into the ionic clusters, and therefore toreach the re-
active sites on the anode, without he help of a co-solvent. Therefore, it was 
concluded that a solvent that is highly soluble in water is necessary tofacilitate 
the mass transport ofcinnamyl alcohol. 
     In this chapter, the effects of solvents on the electroreduction f ni-
trobenzene was studied using Cu-modified Pt-Nafion. It is known that vari-
ous reaction products are obtained by the electroreduction of itrobenzene 8,9) 
On Cu-modified Pt-Nafion in chapter 1, however, aniline was obtained as the 
sole organic product, and other complicated reactions did not occur.4) Hence, 
the following two reactions are expected toproceed competitively on the elec-
trode.
C6H5NO2 + 6H+ + 6e — C6H5NH2 + 2H2O [2.1]
2H+ + 2e -+ H2 [2.2]
Both nitrobenzene and proton receive lectrons directly from the electrode. 
Since the nitrobenzene in Eq. [2.1] is sparingly soluble in water, it cannot
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penetrate by itself into the ionic clusters where the active sites of the SPE 
composite electrode are located. A sufficient amount of a co-solvent is neces-
sary in order for nitrobenzene to penetrate into the ionic clusters and receive 
electrons from the electrode. Proton can be reduced at the active sites of the 
electrode, since they can move through the ionic clusters. When the mass 
transport of nitrobenzene is insufficient, hydrogen evolution becomes domi-
nant on the electrode. Such mass transport of nitrobenzene from the elec-
trolyte to the active sites of the SPE composite electrode is discussed in detail 
 in this chapter.
2.1. Experimental 
2.1.1. Pt-Nafion 
     A perfluorosulfonate cation-exchange m mbrane, Nafion® 415 (E. I. 
du Pont de Nemours and Co.) was used as the SPE material. After treating 
the Nafion 415 membrane in boiling water, platinum was deposited on one 
side of the membrane by an electroless plating method reported by Ogumi et 
al. that uses NaBH4 as a reductant.113)
2.2.2. Modification of Pt-Nafion with copper (Cu,Pt-Nafion) 
     Pt-Nafion was immersed in 0.5 M CuSO4 for about 12 h in order to 
change the counter-ion in the Nafion membrane to Cu2+. After washing the 
Cu2+-loaded Pt-Nafion well with distilled water, it was mounted in the elec-
trolytic cell shown in Fig. 2.1. The anode compartment was filled with O.1M 
CuSO4 and argon gas was passed through the cathode compartment. A plat-
inum wire was used as the counter electrode. Copper ion was cathodically re-
duced on the interior surface of the platinum of the Pt-Nafion by passing a 
charge of 4.2 C cm-2 at a constant current of 5 mA cm- 2. The total amount of 
Cu deposited on the Pt and incorporated into the Nafion was measured spec-
troscopically to be about 1.4 mg cm-2.4) The resulting Cu-modified Pt-Nafion 








 Fig.  2.1. Schematic diagram of electrolytic cell. WE = porous platinum 
cathode deposited on Nafion-415 solid polymer electrolyte; SPE = Nafion 
415; CE = platinum wire anode; feeder = gold ring current feeder.
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2.2.3.  Electrolytic cell 
     The electrolytic ell, shown in Fig. 2.1, was composed of two com-
partments which were separated by the SPE composite electrode. The effec-
tive geometric surface area of the SPE composite lectrode was 3.1 cm2. A 
platinum wire was used as the counter electrode. The volume of each com-
partment was 6 cm3. The current feeder for the SPE composite electrode con-
sisted of a gold ring, which was pressed onto the outer surface of the de-
posited Pt. During runs, the cathode compartment (left-hand side) was filled 
with nitrobenzene/alcohol s lution, and the anode compartment (right-hand 
side) was filled with aqueous 0.025 M H2SO4 (unless otherwise noted). 
     Electrolysis was carried out at a constant current of 32 mA cm-2, using 
a potentiostat/galvanostat (Hokuto Denko, HA301). The total charge passed 
during each run was 800 C.
2.2.4. Product analysis 
     Productmixtures were analyzed by HPLC, using a Hitachi 638-30 
liquid chromatograph fitted with a Zorbax ODS column (du Pont Co.). After 
electrolysis, the catholyte was analyzed without pre-treatment.
2.2.5. Chemicals 
     All chemicals were of reagent grade, and were used without further 
purification.
2.3. Results and Discussion 
2.3.1. Effect of nitrobenzene concentration i catholyte 
     Nitrobenzene was reduced galvanostatically with several different con-
centrations of nitrobenzene in the catholyte, which consisted of nitrobenzene 
and methanol, using an aqueous sulfuric acid solution as the anolyte. The 
variation of the current efficiency for aniline production is shown in Fig. 2.2. 
Nitrobenzene was reduced to aniline at current efficiencies of about 80% at ni-
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Fig. 2.2. Variation of current efficiency for aniline production with ni-
trobenzene concentration in the catholyte of methanol solution. The anolyte 
was aqueous 0.025 M H2SO4. I = 32 mA  cm-2.
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line were detected by HPLC. These results are in good agreement with those 
in chapter  14) The current efficiency losses are attributed to hydrogen evolu-
tion and to aniline accumulation inside the SPE composite. 
     The aniline production current efficiency suddenly decreased at ni-
trobenzene concentrations above 80 vol.% (Fig. 2.2). No other products 
were detected by HPLC at these concentrations, and hydrogen evolution was 
observed as a side reaction. 
     When an aqueous solution is used as the anolyte, nitrobenzene cannot 
penetrate into the hydrophilic ionic clusters in the Nafion membrane because 
of its low solubility in water. The active sites for charge-transfer r actions in 
SPE composite electrodes are located in the ionic clusters at the metal/Nafion 
interface. Consequently, without a sufficient amount of a co-solvent 
(methanol inthese xperiments), the mass transport ofnitrobenzene to the ac-
tive sites of the SPE composite lectrode issuppressed, and hydrogen evolu-
tion becomes ignificant. At high concentrations of methanol, the methanol 
helps the nitrobenzene to penetrate into the ionic cluster egion, where the ni-
trobenzene can receive lectrons from the electrode. 
     Aniline was the sole organic product obtained over the entire concen-
tration range. It is well known that in acidic solutionsp-aminophenol8,11) and 
p-anisidine12) also produced, via Bamberger rearrangement of phenylhy-
droxylamine intermediate, in addition to aniline.8) The acidity of the type of 
Nafion used as the SPE material (H+-form) has been estimated tobe compa-
rable with that of 1-3 M sulfuric acid,13) based on its exchange capacity and 
water uptake. Hence, the reduction of nitrobenzene was carried out in a 
highly acidic environment. However, production of p-aminophenol andp-
anisidine was suppressed. Although the reasons for the selective aniline pro-
duction observed with the SPE method are not yet completely clear, it is in-
ferred that the selectivity involves interactions between itrobenzene and 
Nafion, the interactions being related to the complex structure of Na-
fion.6,7,13,18)
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 2.3.  2. Effect of methanol concentration in anolyte 
     The mass transport ofnitrobenzene to the active sites of SPE compos-
ite electrodes may also be facilitated by methanol permeating through the 
Nafion membrane from an anolyte containing methanol tothe active sites. The 
effect of methanol concentration in the anolyte was examined using pure ni-
trobenzene as the catholyte. An as-prepared SPE composite is swollen only 
with water, and does not contains methanol. Therefore, it was necessary to 
equilibrate he SPE composites with the anolyte prior to the electrolysis. The 
SPE composite was immersed in a solution of the same composition as the 
anolyte before each electrolysis. The effect of immersion time is shown in 
Fig. 2.3. The anolyte was a solution of 0.1 M H2SO4 in 1:1 (by volume) 
methanol/water. The current efficiency for aniline production i creased with 
immersion time up to 5 h. Beyond 5 h, the current efficiency remained con-
stant at about 50%. Consequently, the SPE composite was considered to be 
equilibrated with a 1:1 methanol/water solution after immersion of 5 h. How-
ever, at other concentrations, especially at methanol concentrations higher than 
50 vol.%, a longer time may be required for the SPE composite to be equili-
brated. Therefore, alonger immersion time of 10 h was used in the subse-
quent experiments. 
     The dependence of the current efficiency for aniline production on the 
concentration f methanol in the anolyte is shown in Fig. 2.4. Aniline was the 
only product detected by HPLC, and hydrogen evolution occurred as a side 
reaction. The current efficiency was low at methanol concentrations below 
50%, but increased with increasing methanol concentration. Hence, the mass 
transport of nitrobenzene tothe active sites of the SPE composite lectrode 
was facilitated by methanol supplied from the anolyte. However, the current 
efficiencies were lower than those obtained in the previous ection, showing 
that methanol is more effective as a co-solvent in the catholyte than in the 
anolyte. 
     When the anolyte contains methanol, some of the aniline produced on 
the cathode may permeate hrough the Nafion membrane into the anolyte. 
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 Fig.  2.3 . Variation of current efficiency for aniline production with pre-
immersion time of Cu,Pt-Nafion in methanol/water (1:1) solution. The 
catholyte and anolyte were pure nitrobenzene and a methanol/water (1:1) 
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Fig. 2.4. Variation of current efficiency for aniline production  (0) with 
methanol concentration in the anolyte; A : aniline recovered from anolyte. 
The catholyte was pure nitrobenzene. The anolyte contained 0.1 M H2SO4. I 
=32mAcm2.
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to the anolyte was lower than 1% at a methanol concentration of 90 vol.%, 
and 3.2% at 95  vol.%.
2.3.3. Effect of different solvents incatholyte 
     The mass transport of nitrobenzene to the active sites of the SPE com-
posite lectrode isexpected to depend on the solubility of the solvents in wa-
ter. Normal-alkyl alcohols with different chain lengths were examined as sol-
vents, and the effect of the chain length was elucidated. The variation of cur-
rent efficiency for aniline production with the chain length (N) of the alcohols 
is shown in Fig. 2.5. The concentration f nitrobenzene was 30 vol.%, and 
the anolyte was aqueous 0.025 M H2SO4. While nitrobenzene was reduced 
to aniline at a current efficiency greater than 70% when N s 4, the current ef-
ficiency decreased significantly atN z 5. The solubilities of n-alkyl alcohols 
in water are listed in Table 2.1.14) Normal-alkyl alcohols with N s 3 are 
freely miscible with water. These alcohols improve the mass transport of ni-
trobenzene to the active sites of the SPE composite electrode. The solubilities 
of n-alkyl alcohols with N z 5 in water are low. This low miscibility leads to 
retardation ofthe mass transport of nitrobenzene, and accordingly, hydrogen 
evolution becomes significant. It should be noted that he current efficiency at 
N = 4 was as high as those at N s 3, even though the solubility of 1-butanol 
in water is only 7.9 wt.%. This fact indicates that even a relatively small 
amount of co-solvent in the ionic clusters can facilitate the mass transport of 
nitrobenzene.
2.3.4. Correlation of results with solubility parameters 
     The solubility parameter, S whichhas been proposed by Hilde-
brand,15-17) is often used on discussing mutual solubility. It is defined as
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 Fig.  2.5 . Variation of current efficiency for aniline production with chain 
length (N) of n-alkyl alcohol solvent in the catholyte. The catholyte contained 
30 vol.% nitrobenzene. The anolyte was aqueous 0.025 M H2SO4. I = 32 
mAcm2.
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Table 2.1  . Solubilities of n-alkyl alcohols in water.14)



















where c is the cohesive nergy density, AUvap is the vaporization energy,  VO 
is the molar volume, and (aU/ aV)T is the internal pressure. The basic as-
sumption in the solubility parameter concept is that here is a correlation be-
tween the cohesive nergy density (potential energy per unit volume) and mu-
tual solubility. It is well known that a good solvent for a certain solute such as 
a polymer has a "solubility parameter" value close to that of the solute. The 
values of the solubility parameter ofa mixed solvent can be calculated using 
the following expression:15)
bmix = DIibi [2.4]
where (I)i s the volume fraction of each of the components ofthe mixed sol-
vent, and Si is the solubility parameter of the corresponding pure solvent. The 
current efficiencies in Figs. 2.2 and 2.5 are plotted against Smix of the 
catholyte15) in Fig. 2.6. The results from the different experiments fall on the 
same curve. This fact indicates that the solubility parameter value of the 
catholyte, that is, the solubility of the catholyte in the Nafion membrane, pri-
marily determines the efficiency for nitrobenzene reduction on Cu,Pt-Nafion. 
     Nafion is known to have two solubility parameter values.16,17) Figure 
2.7 shows the solvent uptake in Nafion (EW = 1200) plotted against solubility 
parameter value reported by Yeo 16) Using the structural model proposed by 
Gierke et al., 6) Yeo concluded that solvents with 8 in the range of envelope I 
strongly interact with the hydrophobic backbone, and that solvents with S in 
the range of envelope II interact with the ionic clusters. Yeager and 
Steck18) and Ogumi et al.13) have proposed the existence of an hydrophobic 
amorphous region which consists of the flexible amorphous part of the PTFE 
backbone and the side chains of Nafion. It is reasonable toconsider that the 
solvents with S in the range of envelope I interact with this amorphous re-
gion. 
     Water, with a solubility parameter of23.4 cal1/2cm-3/2,15)interacts 


























Fig.  2.6 . Variation of current efficiency for aniline production with solu-
bility parameter values Smix of the catholyte; • : nitrobenzene/methanol; 
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Solubility parameter of solvent  (cal1/2cm-312)
Fig. 2.7. Solvent uptake vs. solubility parameters of solvents;16) 
• : water; A : methanol.
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with the hydrophobic amorphous region. Thus, without a co-solvent, ni-
trobenzene cannot penetrate into the ionic clusters where the active sites of the 
SPE composite electrode exist. As shown in Fig. 2.7, solvents with  6 in 
the range from about 12.5 to 18  cal1/2 cm-3/2 can interact with both the hy-
drophobic amorphous region and the ionic clusters. Consequently, the mass 
transport of nitrobenzene is expected to be facilitated when catholytes with 
bmix in the range from 12.5 to 18 cal1/2 cm-3/2 are used. On the other hand, 
solvents with 6 below 12.5 cal1/2 cm-3/2 can only interact with the hy-
drophobic amorphous region, and cannot penetrate into the ionic clusters. 
Consequently, aniline production is expected to be suppressed when a 
catholyte with Smix below 12.5 cal1/2 cm-3/2 is used. This expectation is 
supported by the results of Fig. 2.6, which shows that nitrobenzene was ef-
fectively electroreduced using catholytes with 6mix of 11-14 cal1/2 cm-3/2, 
whereas the current efficiencies decreased suddenly at 6mix < 11 cal1/2 cm-3/2. 
It should be noted that the data in Fig. 2.7 were obtained using Nafion of EW 
= 1200, and cannot be directly compared with the results in Fig. 2.6, because 
Nafion of EW = 1100 was used in this chapter. Although the onset of the de-
crease in the current efficiency was observed at a slightly lower solubility pa-
rameter value than that predicted by Yeo's data, the trend obtained in this 
study is in good agreement with those deduced from Yeo's data. This fact 
suggests that some hydrophilic/hydrophobic interactions between reactants 
and Nafion may occur during electrolysis on SPE composite electrodes.
2.4. Conclusion 
     The effects of solvents on the electroreduction of nitrobenzene on 
Cu,Pt-Nafion were discussed. The presence of a sufficient amount of a co-
solvent in the catholyte or in the anolyte facilitated the reduction of nitroben-
zene to aniline. Without a sufficient amount of a co-solvent, hydrogen evolu-
tion was significant. These results reveal that the mass transport of nitroben-
zene into the ionic clusters, where the active sites of the SPE composite elec-
trode are located, is enhanced with the help of co-solvents. The solubility pa-
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rameter value was found to be an important index for the efficiency of the 
mass transport. When an aqueous olution  (S = 23.4 cal1/2 cm-3/2) was used 
as the anolyte, catholytes with Smix > 11 call/2 cm-3/2 were effective for ani-
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Influence of the Multi-Phase Structure 
of Nafion on Electroreduction 
of Substituted Aromatic Nitro 
Compounds on Cu,Pt-Nafion
3.1 Introduction 
     The application of solid polymer electrolyte (SPE) electrolyzers toor-
ganic syntheses has been reported by Ogumi et  al.1-3) In the SPE method, in-
teractions between the reactant molecules and the solid polymer electrolyte can 
lead to greater selectivity compared with conventional methods. The SPE 
method is therefore a promising method for electro-organic syntheses. 
     Gierke et al.4,5) presented a model that Nafion, which is used as an 
SPE material, ismicroscopically separated into two phases: ahydrophilic ionic 
cluster domain and a hydrophobic polytetrafluoroethylene backbone domain. 
Yeager and Steck6) proposed a three phase model where an "interfacial" region 
exists between the two domains of Gierke's model. Ogumi et al.7) considered 
that he interfacial region is the main path of hydrogen and oxygen molecules 
permeating through Nafion, and consists of the amorphous part of the back-
bone and the flexible side chains of Nafion. Electrodes coated with Nafion 
have been a subject of considerable r cent interest 8-14) Many workers have
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reported that he unusual properties of large organic ions incorporated into 
Nafion resulted from the multi-phase tructure ofthe  Nafion.10-14) Nafion has 
strong affinity for hydrophobic organic ations because of the interaction of 
such cations with the hydrophobic region in Nafion 10,11) Buttry and An-
son12) explained unusual results regarding the diffusion coefficients of 
Ru(bPy)33+/Ru(bPy)32+ and Co(bpy)33+/Co(bpy)32+/Co(bPy)3+ (bp y = b i-
pyridine) in Nafion films in terms of the partition of ions between different 
domains in the Nafion. Rubinstein13,14) observed a considerable shift of the 
electrochemical h f-wave potential of the incorporated ferricinium/ferrocene 
(Fc+/FcO) couple with respect to the same couple in solution, and two well-de-
fined oxidation waves were obtained for Fc0 in Nafion. He interpreted the ob-
servations interms of the different moieties of Fc+ and Fc0 residing in the dif-
ferent domains of Nafion. The structure of SPE composite lectrodes, which 
are covered with Nafion polymer electrolyte, issimilar to that of polymer-
coated electrodes. Since the active sites of SPE composite lectrodes exist in 
the complex environment of the Nafion membrane, some hydrophilic/hy-
drophobic interactions between reactants and Nafion can be expected. Such 
interactions may enhance specific selectivity during electrolysis. In chapter 1, 
the effect of Nafion was found to lead to the selective production of aniline in 
the electroreduction of nitrobenzene on Cu-modified Pt-Nafion (Cu,Pt-
Nafion),15) that is, the Bamberger rearrangement of phenylhydroxylamine in-
termediate op-aminophenol16) or top-anisidine17) was inhibited, despite the 
strong acidic conditions inside the Nafion. Although the reasons for the se-
lective aniline production on Cu,Pt-Nafion are not yet exactly known, it is sus-
pected that much of the observed selectivity can be attributed to interactions 
between itrobenzene and Nafion. 
     In this chapter, the interactions between reactants and Nafion in the 
electroreduction SPE composite electrodes of aromatic nitro compounds 
having a hydrophilic or a hydrophobic substituent isstudied. An equimolar 
solution ofp-nitrotoluene, which has a hydrophobic substituent, and p -nitro-
phenol, which has a hydrophilic substituent, is subjected toelectroreduction on 
Cu,Pt-Nafion, and the effect of hydrophilic/hydrophobic properties of the
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substituents onthe reactant selectivity, that  is  , the difference in the ease of re-
ducibility of the two reactants othe corresponding amino compounds, i  ex-
amined. The reactant selectivity inan equimolar solution of o-nitrotoluene and 
p-nitrotoluene, which have a common hydrophobic substituent (methyl group) 
at different positions, is also examined. The corresponding selectivities on a 
conventional copper plate electrode are determined for comparison. The inter-
actions between the reactants and the Nafion are discussed based on the ob-
served reactant selectivities.
3.2. Experimental 
3.2.2. Cu, Pt-Nafion 
     Cu-modified Pt-Nafion composite electrodes (Cu,Pt-Nafion) were pre-
pared as described in chapter 2.18) A perfluorosulfonate cation-exchange 
membrane, Nafion® 415 (E. I. du Pont de Nemours and Co.), was used as the 
SPE material. A porous platinum layer was first deposited on one side of the 
membrane by an electroless plating method.19) The Pt-layer was then modified 
with copper by an electroplating method15,18) to enhance its hydrogen over-
voltage.
3.2.2 Copper plate electrode 
    A copper plateelectrode (30mm x30mm) was polished with no. 800 
emery paper, then washed with methanol and dried in air prior to electrolysis.
3.2.3. Electrolytic ell for Cu,Pt-Nafion 
     The electrolytic ell for Cu,Pt-Nafion is shown in Fig. 3.1a. The cell 
was composed of two compartments, which were separated by the SPE com-
posite electrode. The volume of each compartment was 6 cm3. The apparent 
geometric surface area of the SPE composite lectrode was 3.1 cm2. A plat-
inum wire counter electrode was inserted into the anode compartment. The 
current feeder for the SPE composite electrode consisted of a gold ring, which 




















Fig. 3.1. Schematic diagrams of electrolytic ells (a) for Cu,Pt-Nafion, 
and (b) for a Cu-plate lectrode. WE = porous platinum cathode deposited on 
Nafion 415 in (a), Cu plate electrode in(b); SPE = Nafion 415; CE = platinum 
wire anode; feeder = gold ring current feeder; IEM = Nafion 415.
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cathode compartment (left-hand side in Fig.  3.1a) was filled with a methanol r
1-butanol solution containing either 1.0 M p-nitrotoluene and 1.0 Mp-nitro-
phenol, or 1.0 Mp-nitrotoluene and 1.0 M o-nitrotoluene. The anode com-
partment (right-hand side in Fig. 3.1a) was filled with aqueous 1.0 M H2SO4.
3.2.4. Electrolytic cell for copper plate electrode 
     The electrolytic ell for the copper plate electrode is shown in Fig. 
3.1b. The cell was composed of two compartments of the same size as those 
in the SPE electrolyzer. The copper electrode was placed at the end of the 
cathode compartment (left-hand side in Fig. 3.1b), and an 0-ring was used to 
give a geometric electrode surface area of 3.1 cm2. Nafion 415 was used as 
the separator. The catholyte and the anolyte were of the same compositions a
those for Cu,Pt-Nafion except that 1.0 M H2SO4 was added to the catholyte in
order to obtain ionic conductivity and to make the catholyte acidic.
3.2.5. Electrolysis 
     Electrolysis was carried out galvanostatically, using a constant current 
power supply (Kikusui Electronics Co., PAB-32-0.5) and a coulomb meter 
(Hokuto Denko, HF201). The total charge passed uring each run was 900 C.
3.2.6. Product analysis 
     Electrolysis products were analyzed by HPLC, using a Hitachi 638-30 
liquid chromatograph fitted with a Zorbax ODS column (du Pont Co.). After 
electrolysis, the catholyte was analyzed without pre-treatment.
3.2.7. Chemicals 




3.3.1. Effect of  hydrophilicity/hydrophobicity of substituents on reactant se-
lectivity 
     An equimolar mixture ofp-nitrotoluene and p nitrophenol dissolved in 
methanol was subjected to electroreduction on Cu,Pt-Nafion, and the reactant 
selectivity, i.e., the relative ase with which the two reactants'were el ctrore-
duced on Cu,Pt-Nafion and on the copper plate electrode, was determined. 
Figure 3.2 shows the variation of the current efficiencies forp-toluidine andp-
aminophenol production with current density on Cu,Pt-Nafion, using a 
methanol solution containing 1.0 Mp-nitrotoluene and 1.0 Mp-nitrophenol as 
the catholyte. No other organic products were detected by HPLC. The Barn-
berger earrangement to the ortho position via a 4-electron reduction product 
did not occur because of steric hindrance,16,17) and the reactions therefore pro-
ceeded as follows:
NO2 CH3  +  6H+  +  6e  = NH2 f )_ CH3 + 2H2O[3.1]
NO2 \—oi-i + 6H+  6e = NH2 \-OH+2H20[3.2]
The current efficiency forp-toluidine production decreased with increasing cur-
rent density, while that ofp-aminophenol production i creased. The total cur-
rent efficiency for the two products decreased slightly with increasing current 
density, probably because hydrogen evolution occurred as a side reaction at 
high current densities. 
     Figure 3.3 shows the current efficiencies forp-toluidine andp-
aminophenol production on the conventional copper plate cathode at various 
current densities and the same reactant concentrations as in the above experi-
ment (except for the addition of 1.0 M H2SO4 in the catholyte). The reaction 
product in the reduction of aromatic nitro compounds is known to vary with 
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Fig. 3.2. Variation of the current efficiencies for ( II )p-toluidine, (• ) 
p-aminophenol and (• ) total amino compound production with current den-
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Fig. 3.3. Variation of the current efficiencies for ( • )p-toluidine, (• ) 
p-aminophenol and (0 ) total amino compound production with current den-
sity in methanol solution containing 1.0 Mp-nitrotoluene and 1.0 Mp-nitro-
phenol on a Cu-plate lectrode.
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the SPE material  (H+-form) has been estimated tobe comparable with that of 
1-3 M sulfuric acid,15) based on its exchange capacity and water uptake. 
Hence, 1.0 M H2SO4 was added to the catholyte in the solid copper case to 
adjust the acidity similar to that in the vicinity of the reaction sites of the SPE 
composite electrode, as well as to give ionic conductivity in the catholyte. The 
current efficiencies for p-toluidine andp-aminophenol production were con-
stant at current densities higher than about 15 mA cm-2. Abrupt changes in the 
current efficiencies were observed at 8 mA cm 2; the current efficiency for p-
toluidine production decreased, while that forp-aminophenol production i -
creased. No other organic products were detected by HPLC. 
     The effect of solvent on the selectivity was also examined. The varia-
tion of the current efficiencies forp-toluidine andp-aminophenol production 
with current density on Cu,Pt-Nafion are shown in Fig. 3.4 for the same con-
centrations a in Fig. 3.2; however, 1-butanol was used as the solvent instead 
of methanol. The total current efficiency decreased remarkably at current 
densities greater than 15 mA cm-2. Hydrogen evolution was observed at the 
high current densities. 
     The selectivity forp-toluidine production, that is, the ratio of the current 
efficiency forp-toluidine production to that for total amino-compound produc-
tion, was calculated from the data in Figs. 3.2, 3.3 and 3.4. The respective 
variations of the selectivity with current density are shown in Fig. 3.5. The 
selectivity forp-toluidine production on Cu,Pt-Nafion from both methanol and 
1-butanol solutions at current densities less than 50 mA cm-2 was higher than 
those on the Cu-plate lectrode. The selectivity on Cu,Pt-Nafion i  methanol 
solution decreased with increasing current density, approaching the values for 
the Cu-plate lectrode athigh current densities, while the selectivity on Cu,Pt-
Nafion in 1-butanol solution remained high even at high current densities 
[although the total current efficiency for the reduction of the two nitro com-
pounds decreased with increasing current density (see Fig. 3.4)]. The selec-
tivity forp-toluidine production with the Cu-plate lectrode was almost con-
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Fig. 3.4. Variation of the current efficiencies for (  II )p-toluidine, (• ) 
p-aminophenol and (•) total amino compound production with current den-
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Fig. 3.5. Variations of the selectivitiy forp-toluidine production in solu-
tions containing 1.0 Mp-nitrotoluene and 1.0 Mp-nitrophenol with current 
density. 0  : on Cu,Pt-Nafion in methanol solution; • : on Cu,Pt-Nafion in 
butanol solution; 0 : on a Cu plate electrode in methanol solution.
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 3.3.  2. Effect of position of hydrophobic substituent onreactant selectivity 
     The effect of the position of the methyl group in nitrotoluene on the re-
actant selectivity was also examined. A catholyte consisting of a mixture of 
1.0 M p-nitrotoluene and 1.0 M o-nitrotoluene dissolved in methanol was 
subjected to electroreduction using Cu,Pt-Nafion and the copper plate elec-
trode, and the reactant selectivity between the two nitrotoluene isomers for re-
duction to the corresponding toluidine isomers was determined for each case. 
Figure 3.6 shows the current efficiencies forp-toluidine and o-toluidine pro-
duction on Cu,Pt-Nafion at various current densities. No other organic prod-
ucts were detected by HPLC. The current efficiency forp-toluidine production 
decreased with increasing current density, while that of o-toluidine production 
increased. The total current efficiency for the two products decreased slightly 
with increasing current density because of increasing hydrogen evolution, 
which occurred as a side reaction. 
     Figure 3.7 showsthe current efficiencies for p-toluidine, o-toluidine 
and 4-methoxy-2-methylaniline production on the conventional copper plate 
cathode for the same reactant concentrations a in the above experiments 
(except for the addition of 1.0 M H2SO4 in the catholyte). In this series of ex-
periments, 4-methoxy-2-methylaniline was produced by Bamberger rear-
rangement via a 4-electron reduction process for o nitrotoluene as follows:
CH3
NO2
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Fig. 3.6. Variation of the current efficiencies for ( • )p-toluidine, (A ) 
o -toluidine and (• ) total amino compound production with current density in 
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Fig. 3.7. Variation of the current efficiencies for  (^ )p-toluidine, (A ) 
o-toluidine, (h,) 4-methoxy-2-methylaniline and (•) total amino compound 
production with current density in methanol solution containing 1.0 Mp-nitro-
toluene and 1.0 M o-nitrotoluene ona Cu-plate lectrode.
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No other organic products were detected by HPLC. It is noted that he product 
of the Bamberger rearrangement, 4-methoxy-2-methylaniline, was not obtained 
with Cu,Pt-Nafion, which is in accordance with the results in the electroreduc-
tion of nitrobenzene onCu,Pt-Nafion i  chapters 1 and 2.15,18) 
     The selectivitiies forp-toluidine production were calculated from the 
data in Figs. 3.6 and 3.7, and the results are shown in Fig. 3.8. The selectiv-
ity on Cu,Pt-Nafion was higher than that on the Cu-plate lectrode at low cur-
rent densities, but decreased with increasing current density, approaching the 
(approximately constant) values for the Cu-plate lectrode atcurrent densities 
greater than about 50 mA  cm-2.
3.4. Discussion 
     The selectivity for a reactant having a hydrophobic substituent a the 
para-position was higher for the SPE composite electrode than for the Cu-plate 
electrode. Possible reasons for the higher selectivity observed with Cu,Pt-
Nafion are: (i) differences in the reduction potentials ofthe reactants, (ii) fac-
tors related to mass transport ofthe reactants, and (iii) interactions between the 
reactants and the Nafion during electrolysis.
3.4.1. Effects of reduction potentials of reactants 
     Reported values of the polarographic half-wave potentials ofthe three 
reactants used in this study in acetic acid20) are as follows:p-nitrophenol, 
-0.670 V;p-nitrotoluene, -0.665 V;o-nitrophenol, -0.715 V vs a saturated 
chloranil electrode. Thus, according to the reduction potentials, the electrore-
duction of p -nitrotoluene should occur most preferentially. While the reduction 
potentials may be shifted on the SPE composite electrode due to hydrophobic 
interactions like those reported by Rubinstein for Fc+/Fc0 couples,14) measure-
ment of junction-free potentials for SPE composite electrodes is very difficult, 
and was not attempted here. Therefore, only the values of reduction potential 
in solution are considered in the following discussion. Differences in reduc-
tion potential with the SPE and Cu-plate lectrodes were minimized by using
-77-
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Fig. 3.8. Variations of the selectivity forp-toluidine production in solu-
tions containing 1.0 M p-nitrotoluene and 1.0 M o-nitrotoluene with current 
density. 0 : on Cu,Pt-Nafion in methanol solution; 0 : on a Cu plate elec-
trode in methanol solution.
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solutions containing the same concentrations of reactants in both cells. The 
polarization curves for the electrode reactions probably are very similar to one 
another because the reactions are very similar, i.e., the reduction of nitroben-
zene compounds. In fact, given the closeness of the half-wave potentials, the 
polarization curves hould run almost parallel to one another. This means that 
if the reactant selectivity was determined mainly by differences in reduction po-
tential, then the selectivity should be independent of the current density (i.e., 
the electrode potential), since the fraction of the total current supplied by each 
reaction would be constant. This is the case for the reactant selectivity with the 
Cu-plate lectrode in Figs. 3.5 and 3.8 (except for the selectivity at a low cur-
rent density in Fig. 3.5, probably because of the effects of the specific absorp-
tion of the reactants). However, as seen in Figs. 3.5 and 3.8, the observed 
selectivity varied significantly with the current density, and therefore differ-
ences in reduction potential were not the main factor responsible for the en-
hanced selectivity with Cu,Pt-Nafion.
 3.4.2. Effects of mass transport of reactants 
     The active sites of SPE composite electrodes are known to be located in 
the ionic clusters of the Nafion membrane.15,21) Mass transport from the 
catholyte to the active sites in the ionic clusters i necessary for the reactants o
receive lectrons from the electrode. Two paths for such mass transport are 
possible. In the first path, the reactants directly enter the ionic clusters after 
diffusing through the porous metal deposited on the Nafion, and are then sub-
jected to electroreduction. This path is referred to herein as path 1. In the sec-
ond path, the reactants first enter the flexible hydrophobic interfacial region of 
the Nafion membrane (which consists of the amorphous part of the backbone 
and the flexible side chains), and then diffuse toward the active sites in the 
ionic clusters. This path is referred to as path 2. Diffusion via path 2 predomi-
nates when lipophilic organic solutions are used as the catholyte. 
     There are three "steps" which can be involved in the mass transport of 
reactants via paths 1 and 2, namely, mass transport inthe porous metal (path 1 
and 2), in the ionic clusters (path 1 and 2), and in the interfacial region (path
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2). The reactants can be considered tohave comparable diffusion rates in each 
of the respective steps, because they have similar molecular sizes. However, 
the solubilities of the respective r actants may differ from one another in the 
three steps. If one of the reactants had a very low solubility in one of the three 
steps, the mass transport ofthe reactant would be limited by that step, and the 
selectivity for the reactant would be diminished. Considering  each step in turn, 
in the porous metal, the reactants should have solubilities similar to those in the 
catholyte. Therefore, the solubilities of the reactants in the porous metal 
should not affect he reactant selectivity. As for the solubilities of the reactants 
in the ionic clusters, when methanol solution is used as the catholyte, the ionic 
clusters are considered tobe composed both of methanol from the catholyte 
and of water that permeated through the Nafion membrane from the anolyte. 
The solubilities ofp-nitrotoluene andp-nitrophenol in water and in a 9:1 wa-
ter/methanol (by volume) solution were determined at 25°C, and are listed in 
Table 3.1. The solubilities ofp-nitrophenol in water and in 9:1 water/methanol 
solution are much larger than those ofp-nitrotoluene, which would lead one to 
expect preferential selectivity forp-nitrophenol. However, as seen in Fig. 3.5, 
preferential selectivity forp-nitrotoluene is observed instead, and therefore dif-
ferences in the solubilities of the reactants inthe ionic clusters are not respon-
sible for the observed selectivity enhancement. In the case of the interfacial 
region,p-nitrotoluene canbe considered tobe more soluble thanp-nitrophenol, 
becausep-nitrotoluene is more hydrophobic and interacts more strongly with 
the hydrophobic interfacial region. While this is consistent with the observed 
preferential selectivity forp-nitrotoluene r duction overp-nitrophenol reduc-
tion, in general, mass transport limitations should become greater at higher cur-
rent densities. Therefore, if factors related to mass transport (i.e., solubility 
differences inthe hydrophobic nterfacial region of Nafion) were responsible 
for the selectivity, we expect that he selectivity for p-toluidine would increase 
at high current densities. Since this was not observed (see Fig. 3.5), there-
fore, the mass transport ofthe reactants was not the main factor esponsible for 
the selectivity enhancement observed with Cu,Pt-Nafion.
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Table 3.1. Solubilities ofp-nitrotoluene andp-nitrophenol in water 











* solubility in 100g-sat . solution.
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 3.4.  3. Effect of interactions between the reactants and Nafion 
     From the above discussion, interactions between the reactants and 
Nafion may play an important role in the enhanced reactant selectivity observed 
with Cu,Pt-Nafion. The interfacial region (flexible hydrophobic region) and 
the ionic clusters in the Nafion membrane form an interface that is analogous to 
an oil-water interface. A molecule that has a hydrophilic functional group and 
a hydrophobic functional group is oriented at an oil-water interface according 
to hydrophilic/hydrophobic interactions. Similar hydrophilic/hydrophobic in-
teractions probably occur with reactions on the SPE composite lectrode, in 
which the active sites of the electrode are located in the ionic clusters, at the in-
terface of the ionic clusters and the flexible hydrophobic region of the Nafion. 
Para-nitrotoluene has a hydrophobic methyl group, andp-nitrophenol has a 
hydrophilic hydroxyl group. The order of the affinities for water of the sub-
stituents i in the order of hydroxyl group > nitro group > methyl group, and 
therefore the nitro group ofp-nitrotoluene and the hydroxyl group ofp-nitro-
phenol are considered to be oriented toward the ionic clusters (and the active 
electrode sites), as shown schematically in Fig. 3.9. Therefore, the nitro 
group ofp-nitrotoluene is favorably oriented for electroreduction, while that of 
p-nitrophenol is not. This difference l ads to the observed enhancement of the 
preferential production of p-toluidine overp-aminophenol (Figs. 3.2-3.5). 
Such interactions may occur with both path 1 and 2. 
     Similarly, in the case of o-nitrotoluene, thenitro group tends to be ori-
ented away from the ionic clusters (and therefore away from the active elec-
trode sites), because the hydrophobic methyl group is in the vicinity of the ni-
tro group. This orientation hinders the production of o-toluidine, and leads to 
the observed enhanced selectivity forp-toluidine over o-toluidine (see Figs. 
3.6-3.8). 
     The selectivity forp-toluidine production decreased with increasing cur-
rent density in methanol, while it remained constant in 1-butanol (see Fig. 
3.5). Methanol has a solubility parameter value of 14.5 call/2 cm-3/2, and in-
teracts with both the hydrophilic ionic clusters and the hydrophobic interfacial 




    Path (2) 










Fig. 3.9. Simplified model of the hydrophilic/hydrophobic interactions 
between aromatic nitro compounds and Nafion in SPE composite electrodes.
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11.4 cal112  cm-3/2, and interacts only with the hydrophobic interfacial re-
gion.22) Since methanol interacts with both regions, it tends to make the hy-
drophilic-hydrophobic interface indistinct, and weakens the interactions. Re-
actants oriented by the interactions are equilibrated with free reactants in the 
membrane. At high current densities, the oriented reactants cannot supply a 
sufficient flux by themselves, and the fraction of the reactants which are not 
oriented by hydrophilic/hydrophobic interactions increases. Therefore, as ob-
served in Fig. 3.5, the reactant selectivity decreased with increasing current 
density in methanol solution. On the other hand, when 1-butanol, which inter-
acts only with the interfacial region in Nafion, is used as the solvent, the inter-
face between the ionic cluster region and the interfacial region remains distinct. 
Since the concentration f 1-butanol in the ionic clusters is low, the mass 
transport through path 1 (Fig. 3.9) is limited when 1-butanol is used as the 
solvent.18) This leads to hydrogen evolution as a side reaction, especially at 
high current densities. Thus, while the current efficiencies decrease with in-
creasing current density (see Fig. 3.4), the reactant selectivity does not de-
crease at high current densities (see Fig. 3.5) because all of the reactants are 
under the influence of the interactions at the hydrophilic-hydrophobic interface. 
     The water content is known to give a significant influence onthe struc-
ture of Nafion 23) Bernardi and Verbrugge24,25) reported a mathematical 
model of a polymer electrolyte fuel cell (PEFC). In their results, the spatial 
variation of water velocity in the SPE composite lectrode of a fuel cell is af-
fected greatly by the change in current density, in particular, in the vicinity of 
the active lectrode layer. However, current densities inthis study (lower than 
100 mA cm-2) were not as high as those in fuel cells. Therefore, it is consid-
ered that water content in the membrane is not significantly affected by the 
change in current density in this study.
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3.5. Conclusion 
     An equimolar solution ofp-nitrotoluene, which has a hydrophobic sub-
stituent,  and  p  -nitrophenol, which has a hydrophilic substituent, was electrore-
duced on Cu,Pt-Nafion. The reactant selectivity for the reduction of the two 
reactants to the corresponding amino products was determined, and compared 
with that on a conventional copper plate electrode. The reactant selectivity for 
an equimolar solution of o- and p-nitrotoluene, in which the hydrophobic sub-
stituent is located at different positions, was also determined. Para-nitro-
toluene was electroreduced preferentially from both equimolar solutions, and 
this selectivity forp-nitrotoluene was enhanced for Cu,Pt-Nafion electrodes 
relative to the Cu-plate electrode. Thus, the electroreduction of the reactant 
having a hydrophobic substituent at the para position relative to the nitro group 
was enhanced with the SPE composite lectrodes. 
     Of the factors which affect thereactant selectivity, hydrophilic/hy-
drophobic interactions between the reactants and Nafion are primarily respon-
sible for the enhanced reactant selectivity observed with Cu,Pt-Nafion. The 
interactions are attributed to the multi-phase structure of Nafion. The interfa-
cial region of Nafion interacts with the more hydrophobic substituent of the re-
actants. The ionic clusters region of Nafion interacts with the more hydrophilic 
part of the reactants. Inp nitrotoluene, which has a hydrophobic methyl group 
at the para position, the nitro group is oriented toward the ionic clusters of 
Nafion, where the active sites of the electrode are located. Therefore, the nitro 
group ofp-nitrotoluene is preferentially positioned for the electroreduction i
Cu,Pt-Nafion electrodes.
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Reduction of Nitrobenzene 
on Solid Polymer Electrolyte 
Composite Electrodes 
Using a Hydrocarbon Sulfonate 
Ion-Exchange Membrane
4.1. Introduction 
     Solid polymer electrolyte (SPE) composite electrodes have been exten-
sively studied for use in water electrolyzers, brine electrolyzers and fuel cells. 
The reduction of nitrobenzene with SPE composite electrodes u ing a perfluo-
rosulfonate ion-exchange membrane, Nafion®, as SPE material was studied in 
chapters 1to  3.1-3) With the composite electrode aniline was obtained selec-
tively with a current efficiency greater than 90%. Owing to the selective ani-
line production, the SPE method is promising for use in industrial aniline 
synthesis. However, since perfluorosulfonate m mbranes are generally ex-
pensive, itis desirable to use hydrocarbon sulfonate ion-exchange membranes 
as the SPE material. 
     In thischapter, SPE composite lectrodes using a hydrocarbon sul-
fonate ion-exchange membrane, Selemion® CMV (Asahi Glass Co.), are pre-




     Selemion is a co-polymer of styrene and divinylbenzene that contains 
sulfonate groups as ion-exchange sites, and is reinforced with polyvinyl chlo-
ride fibers. A porous copper layer was deposited on one side of the mem-
brane of 3.0 cm in diameter by an electroless plating  method.4) One face of the 
membrane was exposed to a reductant solution (0.01 M NaBH4, 1 M = 1 mol 
dm-3), and the other face to a copper ion solution (0.1 M CuSO4). A porous 
copper layer was deposited on the reductant-side surface of the membrane. 
The copper layer deposited on the Selemion membrane was stable in H2SO4 
as long as 2 days. The resulting SPE composite electrode isreferred to here-
after as Cu-Selemion.
4.2.2. Nafion-modified Cu-Selemion 
     Nafion-modified Cu-Selemion composite electrodes were prepared as 
follows: 0.3 cm3 of a solution of Nafion dissolved in alcohol (Aldrich, con-
taining 5 wt.% Nafion of EW = 1100) was spread with a microsyringe onto a 
Selemion membrane with a diameter of 3.0 cm and air-dried to remove the 
solvent for 10 h. The calculated thickness ofthe Nafion coating is 8.5 Rm. A 
porous copper layer was deposited on the Nafion layer by the electroless plat-
ing method escribed above.
4.2.3. Electrolysis and product analysis 
     The electrolytic cell wasdescribed inchapters 2 and 3.1,2) The cell was 
composed oftwo compartments, which were separated by the SPE composite 
electrode. The SPE composite lectrode was used as cathode, and the effec-
tive geometric surface area was 3.1 cm2. The catholyte was a methanol solu-
tion containing 30 vol.% nitrobenzene (6 cm3), and the anolyte was aqueous 
0.25 M H2SO4 (6 cm3). A platinum wire was inserted inthe anolyte and used 
as the anode. Electrolysis was carried out galvanostatically. The total charge 
passed uring each run was 800 C. After electrolysis, the catholyte was ana-
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lyzed by HPLC without pretreatment. Polarization curves were measured us-
ing an SPE electrolytic cell fitted with a Luggin capillary placed in the anode 
compartment.5)
4.3. Results and Discussion 
4.3.1. Effect of current density 
     The variationsofthe current efficiency for aniline production and cell 
voltage with current density obtained with Cu-Selemion are shown in Fig. 
4.1. The maximum current efficiency of 80% was obtained at a current den-
sity of 16 mA  cm-2. The current efficiency decreased significantly atcurrent 
densities greater than 32 mA cm-2. Gas evolution was observed in the cath-
ode compartment at he high current densities, and hence hydrogen evolution 
is considered tohave occurred as a side reaction. Figure 4.1 also shows the 
variations ofthe current efficiency for aniline production and cell voltage ob-
tained with Cu,Pt-Nafion in chapter 1.1) The maximum current efficiency was 
greater than 95%, and no significant decrease in current efficiency was seen at 
current densities up to 100 mA cm-2. The active sites of SPE composite elec-
trodes have been considered to be located inside the ion-exchange mem-
brane,1,2,6) that is, in the region where the membrane phase and electrode 
material overlap.7) Nitrobenzene must diffuse from the catholyte to the active 
site to receive lectrons from the electrode material. Hence, the hydrogen 
evolution on Cu-Selemion at high current densities means an insufficient 
mass-transport ra e of nitrobenzene from the catholyte othe active sites of the 
electrode. 
     Quasi-steady state polarization curves obtained ata slow sweep rate of 
1.0 mV s-1  are shown in Fig. 4.2. Curves (a) and (b) were obtained with Cu-
Selemion and Cu,Pt-Nafion, respectively, using 20 mM nitrobenzene in
methanol as the catholyte. Curves (c) and (d) were obtained with Cu-Se-
lemion and Cu,Pt-Nafion, respectively, using neat methanol (i.e., without 
added nitrobenzene) as the catholyte. On both SPE composite lectrodes, ca-
thodic current for the reduction of nitrobenzene started to flow at -200 mV vs.
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Current density / mA cm-2
Fig. 4.1. Variations of the current efficiencies for aniline production and 
cell voltages with current density obtained with (0) Cu-Selemion, (• ) 










0              -500 
Potential / mV vs. Ag/AgCI
Fig. 4.2. Quasi-steady state polarization curves obtained at 1.0 mV  s-1: (a) 
20 mM nitrobenzene in methanol and Cu-Selemion, (b) 20 mM nitrobenzene 
in methanol and Cu,Pt-Nafion, (c) methanol (no added nitrobenzene) and Cu-
Selemion, and (d) methanol (no added nitrobenzene) and Cu,Pt-Nafion.
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Ag/AgCl. The limiting currents are about 10 and 30 mA for Cu-Selemion and 
Cu,Pt-Nafion, respectively. These results indicate that he mass-transport ra e 
of nitrobenzene in Selemion isabout hree times lower than that in Nafion. 
     Nafion membranes are not cross-linked, and have a flexible  structure  8) 
In addition, Nafion membranes are swollen more with many organic solvents 
than with water?) Hence, the mass transport ofnitrobenzene inside Nafion is 
considered to be fairly easy. On the other hand, Selemion is highly cross-
linked, and has a homogeneous structure, inwhich the ion-exchange sites are 
distributed uniformly throughout the membrane. It is difficult for organic re-
actants, uch as nitrobenzene, to diffuse through such a rigid structure of Se-
lemion. Therefore, it is reasonable that the mass transport in Selemion is 
slower than that in Nafion. 
     With Cu,Pt-Nafion aniline was the sole product, and no other organic 
by-products were detected by HPLC.1) On the other hand, with Cu-Selemion 
an organic by-product was detected by HPLC. The by-product has not been 
identified yet because of its high reactivity.10) The molecular ion peak of the 
mass spectrum was observed at m/z = 198, which suggests a dimer produc-
tion. 
     The reaction products obtained inthe electroreduction of itrobenzene 
are known to vary with electrode material, potential, acidity, temperature, 
etc.12,13) In a highly acidic solution, aniline (6-electron process) andp-
aminophenol, which is produced via rearrangement of a phenylhydroxylamine 
intermediate (4-electron process), are obtained, while phenylhydroxylamine 
and dimerized products, uch as azoxybenzene, hydroazobenzene, etc., tend 
to be generated ina less acidic solution. Perfluorosulfonate m mbranes pro-
vide a higher acidity than hydrocarbon sulfonic acid membranes because of 
the presence ofthe fluorocarbon rather than hydrocarbon groups (the fluorine 
atom is electron-withdrawing),13) and the acidity of Nafion in a hydrated 
membrane is comparable to that of a 10 wt.% H2SO4 solution.14) Hence, the 
acidity in the vicinity of the active sites of Cu-Selemion is lower than that of 
Cu,Pt-Nafion. In addition, the ion-exchange sites of Selemion dissociated 
less in a nitrobenzene/methanol/water mixture under the electrolytic ondi-
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tions. It is therefore considered that the dimerized by-product was produced 
due to an insufficient acidity of Selemion. This by-product was generated 
significantly at current densities less than 32 mA  cm-2.
4.3.2. Effect of Nafion-coating 
     To improve the mass-transport rate of nitrobenzene and the selectivity 
for aniline production, the surface of Selemion was modified by coating with 
a thin layer of Nafion. The variations of the current efficiency for aniline pro-
duction and cell voltage with current density obtained with Nafion-modified 
Cu-Selemion are shown in Fig. 4.1. The cell voltage was comparable to that 
without Nafion-coating. The current efficiency was as high as 90% at current 
densities up to 70 mA cm-2, which was comparable with those obtained with 
Cu,Pt-Nafion. The current efficiency was greater than 80% even at a high 
current density of 97 mA cm-2. Aniline was the sole product, and no other 
organic by-products were detected by HPLC. These facts show that 
Nafion coating can improve the mass transport rate and the reaction selectiv-
ity. The environment in the vicinity of active sites of Nafion-modified Cu-
Selemion is similar to that of Cu,Pt-Nafion. Hence, the acidity is high, and 
the mass transport rate is enhanced. In conclusion, the SPE method using the 
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Chapter 5
Reduction of Nitrobenzene 
Using a Flow-Through 
Pt-Nafion Cell
5.1. Introduction 
     Solid polymer electrolyte (SPE) electrolyzers using composite lec-
trodes made of ion-exchange membranes and porous electrode materials de-
posited directly on the membranes have been extensively studied for use in 
water  electrolyzers,)"2) brine electrolyzers3) and fuel cells 4) Ogumi et al.5-10) 
have reported on novel applications ofthe SPE electrolyzers to electro-organic 
synthesis. The SPE method eliminates the need for a supporting electrolyte, 
the addition of which often leads to difficulties in subsequent product separa-
tion and purification processes and to unwanted side reactions, and these 
merits render the method very promising for use in electro-organic synthesis. 
     The electroreduction of itrobenzene has been a subject of considerable 
interest because it is one of valuable and promising reactions as industrial ani-
line synthesis. However, various kinds of by-products are known to be gen-
erated epending on electrolytic onditions, uch as electrode material, elec-
trode potential, pH, temperature, tc.11,12) This by-product generation has
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hindered the electrolytic method from being used in commercial niline synthe-
sis. On the other hand, aniline was produced selectively with a current effi-
ciency greater than 90% on an SPE composite electrode inchapter  1;8) hence, 
the SPE method is promising for use in industrial niline synthesis. 
     The electroreduction of itrobenzene using batch-type SPE electrolyzers 
was studied in chapters 1to 4.8-10) However, continuous operation of large-
scale lectrolytic systems i preferred for commercial use since it provides with 
better control of electrolyte mperature and composition, which in turn gener-
ally leads to higher product selectivity and better current efficiency. In addi-
tion, continuous systems allow more efficient design of the electrical equip-
ment and heat exchangers. Continuous SPE electrolyzers, however, have not 
been tested for the reduction of nitrobenzene. Furthermore, a large amount of 
platinum (9.3 mg cm-2) was used as the electrode material in batch-type c lls in 
chapters 1 to 3.9) From standpoints ofcapital cost and the availability of plat-
inum resource, it is necessary to reduce its loading in SPE composite lec-
trodes. 
     In this chapter, a flow-through cell using an SPE composite lectrode 
with low Pt-loading (0.9 mg cm-2) is fabricated. The reduction of nitroben-
zene is preliminary studied using the cell, and the problems to be solved for 
industrial pplication are revealed.
5.2. Experimental 
5.2.1. SPE composite electrode 
     A perfluorinated sulfonate ion-exchange membrane, Nafion® 415 (E. I . 
du Pont de Nemours and Co., EW = 1100), was used as the SPE material. 
The Nafion 415 membrane is reinforced with a polytetrafluoroethylene (PTFE) 
net. After treated in boiling water in the H+-form for more than 1 h, the mem-
brane was immersed in an aqueous solution containing 1.0% platinum tetram-
mine dichloride, Pt(NH3)4C12, for 30 min, and Pt(NH3)42+ was introduced 
into the membrane as a counter-ion by an ion-exchange r action. Next, one 
side of the membrane was brought into contact with a reductant solution con-
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 taining NaBH4 (0.5 M) and LiOH (0.1 M) for 30 min, and a platinum layer 
was deposited on the side of the membrane ina diameter of 3.0 cm. In the 
same manner, another platinum layer was deposited on the other side of the 
membrane. The amount of each Pt layer calculated from the ion-exchange ca-
pacity of Nafion (0.9 meq. g-1)  was 0.9 mg cm-2. One of the platinum layers 
was modified with copper by an electroplating method in order to enhance its 
hydrogen overvoltage,8) and was used as the cathode. The total charge passed 
during the Cu deposition was 4.2 C cm-2-membrane. The resulting SPE com-
posite lectrode isreferred to hereafter as Cu,Pt-Nafion.
5.2.2. Electrolytic cell and electrolysis 
     The flow-through cellused in this study is shown in Fig. 5.1. The cell 
consisted of two compartments made of PTFE, which were separated by 
Cu,Pt-Nafion. The inner diameter and the thickness ofeach compartment were 
2.0 and 1.0 cm, respectively. The apparent surface area of each electrode was 
3.1 cm2. Carbon cloth (Toray Industries, Inc., TO-13K) was stuffed into each 
compartment to obtain electrical contact with the Pt layer. A titanium plate was 
pressed onto the carbon cloth in each compartment. The carbon cloth and tita-
nium plates functioned as current feeders. The free volume of each compart-
ment was 1.1 cm3 after stuffing the carbon cloth. The surface of the titanium 
plate placed at the end of the anode compartment was covered with Ru02 by 
thermal decomposition f a propanol solution containing 6% RuC13. Although 
this titanium plate could be used as a bipolar plate in a multi-cell configuration, 
a single-cell configuration was employed inthis chapter. 
     A methanol solution (20 cm3) containing 50 vol.% nitrobenzene and 
water (20 cm3) were circulated at a flow rate of 3.0 cm3 min-1 through the 
cathode (left-hand side in Fig. 5.1) and anode (right-hand side in Fig. 5.1) 
compartments, respectively. These solutions did not contain any supporting 
electrolytes. Electrolysis was carried out galvanostatically using a potentio-
stat/galvanostat (Hokuto Denko, model HA-301). The current efficiency was 
measured after 800 C were passed unless otherwise noted. Product mixtures 




















 Catholyte Anolyte 
Fig.  5.1. Schematic diagram of flow-through SPE cell.
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(Wako Pure Chemical, Lichrosorb RP18-5). 
was analyzed without pre-treatment.
After electrolysis, the catholyte
5.2.3. Chemicals 
     All chemicals were of reagent grade, and were used without further pu-
rification.
5.3. Results and Discussion 
5.3.1. Current-cell voltage characteristic 
     The current-cell voltage curve of the flow-through cell is shown in Fig. 
5.2. At current densities less than 10 mA  cm-2 the cell voltage increased 
steeply. Ohmic drop was estimated by a current interrupting method, and the 
cell voltage after corrected for the ohmic drop is also shown in Fig. 5. 2. The 
steep increase in cell voltage at the low current densities is attributed mainly to 
the polarization of electrochemical reactions, i.e., the reduction of nitrobenzene 
and oxygen evolution. At current densities higher than 15 mA cm-2, the mea-
sured cell voltage increased linearly with increasing current density. The iR-
corrected cell voltage increased slightly, and hence ohmic drop is responsible 
for the linear increase observed at the high current densities. The resistance 
calculated from the slope in the high current density region was 1.3 Q cm2. It 
was reported that the resistance of Nafion 117 is ca. 0.3 Q cm2 in 0.3-3.0 M 
aqueous sulfuric acid at 25°C,13) the value of which is much lower than that 
obtained in this chapter. Since the Nafion membrane in the present electrolytic 
conditions is swollen by methanol in the catholyte, its ion-exchange sites are 
less dissociated than that immersed in aqueous acid solutions. This led to the 
high membrane resistance. Nevertheless, the resistance is much lower than 
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using a  flow-through 
for ohmic drop. The catholyte was 20 cm3 of a methanol 
50 vol.% nitrobenzene. 
the anolyte and catholyte were 3.0 cm3 min-I, respectively.
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Current-cell voltage curves for the reduction of nitrobenzene 
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1. e tholyte s  3   thanol solution containing 
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5.3.2. Effects of current density on the current efficiency for aniline produc-
tion 
     The variation of the current efficiency for aniline production with cur-
rent density is shown in Fig. 5.3. The current efficiency was ca. 80% at cur-
rent densities up to 32 mA  cm-2, and decreased remarkably with increasing 
current density at current densities greater than 32 mA cm-2. For comparison, 
the variation of current efficiency obtained with the batch cell in chapter 18) is 
also shown in Fig. 5.3. (A methanol solution containing 30 vol.% nitroben-
zene was used as the catholyte in chapter 1.) Such a decrease in current 
efficiency was not observed up to 100 mA cm-2 with the batch cell. Above 32 
mA cm-2 no other organic by-products were detected with HPLC; the decrease 
in the current efficiency is attributable to an increase inthe amount of hydrogen 
evolution. These results indicate that he mass-transport ra e of nitrobenzene 
was limited above 32 mA cm2. If the current density at which the current effi-
ciency decreases i  assumed to be the mass-transport limiting current density, 
the limiting current density of the flow-through cell will roughly be estimated 
to be at least three times lower than that of the batch cell. This low limiting 
current density is attributed toa small surface area of the electrode material due 
to low Pt-loading (0.9 mg cm-2) . 
     Recently significant reductions inplatinum loading (0.4 to 0.05 mg cm-
2) in SPE composite lectrodes have been achieved in the field of polymer 
electrolyte fuel cells (PEFCs).14,15) These reductions have been attained via 
better utilization of Pt catalyst in the gas diffusion electrode structure, .g., the 
use of carbon particles with highly dispersed platinum catalyst and impregna-
tion of solution-cast Nafion in the gas-diffusion electrode.14) These methods 
may be used for the SPE composite lectrodes for electroorganic synthesis to 
enhance the limiting current density. 
     Even at current densities less than 32 mA cm2, the current efficiency 
obtained with the flow-through cell was slightly lower than those obtained with 
the batch cell. A small amount of a by-product was found in the product mix-
tures in this current density region. Although ithas not been identified yet be-
cause of its high reactivity, it was confirmed with HPLC as the same by-prod-
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Fig. 5.3. Dependencies of current efficiency for aniline production on 
current density: (Q) 50 vol.% nitrobenzene in methanol with the flow-through 
cell, and (A) 30 vol.% nitrobenzene i  methanol with a batch ce118) Current 
density was 32 mA cm-2 for each case.
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uct as that obtained in the reduction of nitrobenzene using Cu-Selemion i  
chapter 4, which was made of a hydrocarbon sulfonate ion-exchange mem-
brane, Selemion® CMV (Asahi Glass Co.), and copper deposited on the  mem-
brane.10) 
     Products obtained in the reduction of nitrobenzene are known to vary 
with electrode material, potential, acidity, temperature, etc.11,12) In highly 
acidic solutions, aniline (6-electron process) andp-aminophenol (4-electron 
process) are obtained, the latter of which is produced via rearrangement of a 
phenylhydroxylamine int rmediate. In less acidic solutions phenylhydroxy-
lamine and dimerized products, uch as azoxybenzene, hydroazobenzene, etc., 
tend to be generated. In chapter 4 using Cu-Selemion,10) the molecular ion 
peak of the mass spectrum of the by-product was observed at m/z = 198, 
which indicated a dimer production. The formation of the dimerized by-prod-
uct was attributed toa low acidity of Selemion. On the other hand, such a by-
product was not produced, and aniline was selectively obtained with the batch 
cell in chapter 1using Cu,Pt-Nafion 8) Perfluorosulfonate m mbranes provide 
a high acidity comparable with that of an aqueous 10 wt.% H2SO4 solution.16) 
Hence, it was considered that he high acidity of Nafion suppressed the forma-
tion of the dimerized product in chapter 1using Cu,Pt-Nafion.8,17) A small 
amount of the dimerized by-product was, however, obtained under the present 
electrolytic conditions although Nafion was used as the SPE material. This 
fact implies that he electrode reaction partly occurred at reaction sites being 
less acidic than that inside Nafion. It is suspected that the carbon cloth in 
contact with the electrode might participate in the electrode r action. The acid-
ity at the reaction sites on the carbon cloth is considered tobe lower than that 
on the electrode metal (copper deposited on platinum) which is embedded in-
side the Nafion membrane. This low acidity led to the dimer production. In 
order to prove this consideration, preliminary electrolysis was carried out using 
a bare Nafion membrane (without electrode material) instead of Cu,Pt-Nafion 
of the cell shown in Fig. 5.1. In this system, alarge amount of the dimerized 
product was formed. (The cell voltage was much higher than that for Cu,Pt-
Nafion because of a poor contact of the carbon cloth with Nafion.) This result
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proves that the dimerized product was formed on the carbon cloth in contact 
with Nafion. 
     This participation of the carbon cloth in the electrode reaction is caused 
by the leakage of the electrolytic current into the catholyte, which contains no 
supporting electrolyte. This leakage might be caused by insufficient electro-
static shielding by the deposited electrode and is attributed to the low platinum 
loading on the Nafion membrane. The enlargement of the reaction area by the 
methods for PEFCs as mentioned above would lead to suppression of the un-
wanted side reaction as well as enhancement of the limiting current density.
5.3.3. Effects of nitrobenzene concentration i  catholyte on the current effi-
ciency for aniline production 
     The dependence of the current efficiency for aniline production on the 
concentration f itrobenzene in the catholyte is shown in Fig. 5.4. The cur-
rent density was fixed at 32 mA  cm-2. While the current efficiency was almost 
constant in the range from 30 to 70 vol.%, it decreased at 15 vol.% and at 
concentrations higher than 70 vol.%. The decrease inthe high concentration 
region was also observed with the batch-type SPE cell in chapter 2,9) where 
the decrease was attributed to the immiscibility ofthe catholyte and water in the 
vicinity of the active sites of the electrode. The decrease incurrent efficiency in 
the low concentration region was not observed in the case for the batch-type 
cell. As shown in Fig. 5.2, the limiting current density for the flow-through 
cell was about 32 mA cm-2 even at 50 vol.% nitrobenzene. Hence the low cur-
rent efficiency obtained at 15 vol.% in Fig. 5.4 is attributed to a low limiting 
current density due to the small surface area of the electrode.
5.3.4. Performance change with charge passed 
     The performance of the flow-through cell was examined for long-term 
operation. The cell voltage increased abruptly after ca. 5000 C were passed. 
After the electrolysis the surface resistance of the carbon cloth in contact with 
the anode was measured at 2 cm distance, and was of the order of kQ. It was 
considered that the increase in the surface resistance was caused by the oxida-
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 Fig. 5.4. Dependence of current efficiency for aniline production on ni-
 trobenzene concentration in catholyte. Electrolysis was carried out at 32 mA 
 cm2.
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tion of the  carbon cloth surface. Thus, a platinum mesh was inserted between 
the anode and the carbon cloth in order to prevent the carbon cloth from being 
oxidized uring electrolysis, and cell performance was examined for long-pe-
riod operation. Figures 5.5a and 5.5b show the current efficiency for aniline 
production and the cell voltage plotted against charge passed (Q). The current 
densities were 32 and 25 mA cm-2, and the nitrobenzene concentrations i  the 
catholytes were 50 and 30 vol.% in Figs. 5.5a and 5.5b, respectively. For 
each case, the current efficiency was high at an initial stage. However, after 
ca. 2000 C were passed, the current efficiency decreased with increasing Q. 
The decrease incurrent efficiency in Fig. 5.5a was more significant than that in 
Fig. 5.5b. Both cell voltages in Figs. 5.5a and 5.5b were stable, except for a 
slight increase at an initial stage in Fig. 5.5a. 
     One of the reasons why the current efficiency decreased was an in-
crease in the amount of hydrogen evolution. At an initial stage of electrolysis 
(less than ca. 2000 C), gas evolution in the catholyte was sparingly observed. 
After ca. 2000 C were passed, gas bubbles appeared inthe catholyte, and the 
amount of bubbles increased with increasing Q. The deterioration f the elec-
trode or the membrane does not seem to be responsible for the increase in hy-
drogen evolution since the cell voltage was stable during the electrolysis. 
     Although the reasons of this increase inhydrogen evolution arenot ex-
actly known, it is inferred that he starvation ofthe reactant at the reaction sites 
due to the consumption f nitrobenzene i  the catholyte. The current density of 
32 mA cm-2 used in Fig. 5.5a was close to the limiting current density at a ni-
trobenzene concentration f 50 vol.% (see Fig. 5.2). The decrease in the cur-
rent efficiency is observed in Fig. 5.5a after a passage of ca. 2000 C. The 
concentration f nitrobenzene in the catholyte decreases with the consumption 
by the electrolysis, and the decrease r aches ca. 5% of the initial concentration 
when 2000 C are passed (see the upper scale of abscissa). The decrease in the 
nitrobenzene concentration would slow down the mass transport of nitroben-
zene and cause a deficiency of nitrobenzene atthe active sites of the cathode. 
The current would therefore be shared with hydrogen evolution.
-108-
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Fig. 5.5. Variation of current efficiency for aniline production and cell 
voltage during electrolysis. The catholytes contained 50 and 30 vol.% ni-
trobenzene, and the current densities were 32 and 25 mA cm-2 for (a) and (b), 
respectively. A platinum esh was inserted between the anode and the carbon 
cloth current feeder.
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     Another factor which leads to the decrease in current efficiency is the 
permeation f the product, aniline, through the membrane tothe anolyte. The 
permeation of aniline through a Nafion membrane was reported  previ-
ously.18,19) Since aniline exists mostly in the form of C6H5NH3+ inside the 
membranes and Nafion has strong ion-exchange affinity for anilinium cation, 
aniline can be transported through the Nafion membrane even at a low concen-
tration in the solution. Aniline was, actually, detected in the anolyte. The ani-
line concentration in the anolyte was measured, and its amount corresponded to 
a few percents of the current efficiency although the amount is not included in 
Figs. 5.5a and 5.5b. In addition, aniline is known to be oxidized and to poly-
merize on anode in acidic solutions?0) Hence a fraction of the permeated ani-
line is considered to have been lost by polymerization. In fact, a brownish 
polymerized substance was observed on the surface of the platinum anode after 
the long-term electrolysis, although t e amount was not examined. It is there-
fore preferable to separate and recover the product from the catholyte during 
electrolysis to improve the current efficiency. In addition, it is a subject of 
further investigation to clarify the mass transport of the reactant, product, sol-
vents, etc., through the membrane during electrolysis.
5.3.5. Anode reaction 
     As mentioned above, the surface of the carbon cloth in contact with the 
anode was oxidized during long-term electrolysis. This was improved by in-
serting a platinum mesh between the anode and the carbon cloth. The oxida-
tion of the carbon cloth would also be suppressed by replacing oxygen evolu-
tion to an anode reaction having an oxidation potential less positive than that of 
water. In addition, the use of such a reaction would be effective for a 
reduction i  cell voltage. Thus, the oxidation of iodide ion was examined as an 
anode reaction. Figure 5.6 shows the current-cell voltage curve obtained using 
aqueous 3.7 M HI as the anolyte [curve (a)]. For comparison, the current-cell 
voltage curve which was obtained using water as the anolyte [curve (b)] was 
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Fig. 5.6. Current-cell voltage curves  for  the reduction of nitrobenzene 
using the flow-through cell. (0) water and (0) aqueous 3.7 M HI were 
used as anolytes. The catholyte contained 50 vol.% nitrobenzene, and the 
flow rates of the catholyte and anolyte were 3.0 cm3 min 1.
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than 1.0 V up to 32 mA  cm-2, and stable for a long period. The following two 





+0.535 (V vs. NHE) [5.1] 
+0.534 (V vs. NHE) [5.2]
The observed low cell voltage is attributed partly to these low oxidation poten-
tials of iodide ion and the small polarization of the electrode reactions. The 
conductivity ofNafion membranes immersed inan acid solution, such as HBr, 
increases with increasing the acid concentration upto ca. 4 M.22) Hence the 
Nafion membrane incontact with 3.7 M HI had a higher conductivity han that 
in contact with water. In addition, since the anolyte had a high ionic conduc-
tivity, the anode reactions occurred not only on the porous platinum layer em-
bedded inside the Nafion membrane, but also on the surface of the carbon 
cloth. The increase inmembrane conductivity and the enlargement of the area 
for electrode r actions contributed to the reduction i cell voltage. 
     Using a 3.7 M HI solution and a 50 vol.% nitrobenzene solution as the 
anolyte and catholyte, respectively, electrolysis was carried out at 25 mA cm-2. 
After 800 C were passed, aniline was obtained at a current efficiency of 80%. 
However, the current efficiency decreased to42% after 4023 C were passed. 
This decrease was more significant than that obtained using oxygen evolution 
as the anode reaction (see Figs. 5.5a and 5.5b). In Eq. [5.1] iodine is pro-
duced on the anode. Iodine is a neutral species, and the solubility of iodine in 
an aqueous iodide solution (e.g., 35 mM in 0.67 M NaI at 10°C)23) is much 
higher than that of oxygen in water (1.3 mM at 20°C) 24) After accumulation 
of iodine formed by Eq. [5.1] in the anolyte, apart of iodine diffused through 
the membrane tothe cathode,25) where iodine was reduced on the cathode or 
reacted with aniline in the catholyte. This reaction would decrease the current 
efficiency more significantly than the case where oxygen evolution occurs at 
the anode. In order to use the iodine oxidation as an anode reaction, the re-
moval of iodine produced inthe anolyte must be considered during operation.
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     As is clearly shown by the fact that SPE composite electrodes are being 
developed for use in fuel  cells,1,2) the structure of the SPE composite elec-
trodes is suitable for gas electrodes. Hydrogen oxidation is one of promising 
candidates for the anode reaction. The hydrogen oxidation releases only pro-
ton, which functions as the charge carrier in the membrane and is consumed at 
the cathode as one of the reactants in the reduction of nitrobenzene. The oxida-
tion potential of hydrogen, which is close to the reduction potential of nitroben-
zene, is useful to reduce the cell voltage of SPE electrolyzers.
5.4. Conclusions 
     In the present study, a flow-through cell using a solid polymer elec-
trolyte composite electrode with low Pt-loading (0.9 mg cm-2) was fabricated, 
and the reduction of nitrobenzene was studied. It was revealed that he follow-
ing problems must be solved for industrial pplication. 
     (i) The use of an SPE compositelectrode with low metal loading re-
sulted in a low limiting current density and generation f a by-product. The ef-
fects of the low metal oading were also observed in long-term electrolysis. 
These results are attributed toa small surface area of the electrode material. To 
enhance the limiting current density and product selectivity, it is necessary to 
improve the electrode metal utilization, e.g., using the methods developed in 
PEFCs. 
     (ii) The permeation ofthe product, aniline, through the Nafion mem-
brane caused a decrease in the current efficiency, in particular, in long-term 
electrolysis. Hence, it is preferable to separate and recover the product from 
the catholyte during electrolysis. In addition, extensive investigation is neces-
sary to clarify the mass transport of the reactant , product, solvents, etc. 
through the membrane. 
     (iii) The cell voltage was reduced by using iodide oxidation as an an-
ode reaction. However, the product at the anode, iodine, permeated through 
the Nafion membrane. This resulted in a decrease inthe current efficiency, in
-113-
particular, in long-term electrolysis. 
be removed during electrolysis.
Hence iodine produced on the anode must
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Using Viologens as Microscopic 
Phase-Transfer Mediators
6.1. Introduction 
     Solid polymer electrolyte (SPE) composite lectrodes have been ex-
tensively studied for use in water  electrolyzersl) brine electrolyzers2) and fuel 
cells 3) Ogumi et al.4-10) have previously reported on novel applications of 
SPE electrolyzers to organic syntheses. The SPE method eliminates the need 
for a supporting electrolyte, the addition of which often leads to difficulties in 
subsequent product purification processes and to unwanted side reactions; 
hence, the method is very promising for use in electro-organic syntheses. 
     Perfluorosulfonic acid membranes, such as Nafion®,are generally 
used as the SPE material due to their chemical stability. Several models of the 
microstructure of Nafion have been proposed. In the model of Gierke et al., 
Nafion is microscopically separated into two phases: ahydrophilic ionic 
cluster domain, and a hydrophobic fluorocarbon backbone domain.11,12) 
Yeager and Steck13) proposed athree-phase model where an "interfacial" re-
gion exists between the two domains of Gierke's model. Ogumi et a1.14) 
considered that he interfacial region consists of the amorphous part of the 
fluorocarbon backbone and the side chains of Nafion.
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     A major concern of studies on Nafion membranes has been the struc-
ture of the ionic cluster, especially with regard to clarifying the mass-transport 
phenomena of inorganic ions through  Nafion.15-17) Electrodes coated with 
Nafion also have been a subject of considerable r cent interest.18-24) In the 
latter studies with Nafion-coated lectrodes, everal workers have observed 
unusual behavior of organic ions incorporated into Nafion resulting from the 
multi-phase tructure of Nafion, in particular, from interactions of the organic 
ions with the hydrophobic nterfacial region.22-24) In SPE composite lec-
trodes, the electrode materials are covered with Nafion polymer electrolyte; 
hence, the environment found in SPE composite electrodes is similar to that in 
the polymer coated electrodes. Since the active sites of SPE composite elec-
trodes are located in the complex environment of the Nafion membrane,8) the 
influence of Nafion's hydrophobic region must be taken into account when 
organic ompounds are treated. 
     The principal purpose of this chapter is to develop anew SPE method 
that akes advantage of the multi-phase tructure ofNafion. The ionic clusters 
of Na+-form Nafion contain about 1000 molecules of water per unit cluster 
after the standard pre-treatment i  boiling water;25) hence, the ionic cluster 
region may be regarded as an aqueous phase. On the other hand, the interfa-
cial region consists of the amorphous part of the fluorocarbon backbone and 
the side chains of Nafion, which are lipophilic and flexible, and thus the inter-
facial region is expected to behave as an organic phase. Consequently, it is 
reasonable toexpect hat if phase-transfer catalysts were to be incorporated 
into Nafion, they could transfer between the two phases of Nafion, that is, 
between the hydrophilic ionic cluster region and the hydrophobic nterfacial 
region. N, N'-dialkyl-4,4'-bipyridinium salts (viologens, C„V) were used as 
phase-transfer catalysts inthis chapter. Viologens are known to react hrough 
two successive one-electron transfer steps in homogeneous solutions,26,27) as 
shown in Fig. 6.1. In an organic-aqueous two-phase system, the dication 
(CnV2+) resides mainly in the aqueous phase, while the cation radical (CnV+') 
and the doubly reduced neutral form (CnV°) are easily extracted into the or-
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Electrochemical reactions of viologens in homogeneous
—121—
transfer mediators inthe chemical reduction of organic ompounds, where the 
viologen compounds function as electron carriers as well as phase-transfer 
 catalysts.29-36) 
     In this chapter, indirect electro-debromination of meso-1,2-dibromo-
1,2-diphenylethane (DBDPE) using viologens as phase-transfer mediators i
first examined in an emulsion system consisting dichloromethane and an 
aqueous solution, and the mechanism for the generation ofthe active species 
at the immiscible interface isspeculated. Then, the indirect electro-reduction 
is studied using SPE composite lectrodes with incorporated viologens as 




     N,N'-dialkyl-4,4'-bipyridinium dibromide (CnVBr2, n = 2,3,5 and 8) 
was prepared from 4,4'-bipyridine (1.0 g) and the corresponding alkyl bro-
mide 30) N, N'-dimethyl-4,4'-bipyridinium diiodide (CiVI2) was prepared 
from 4,4'-bipyridine (1.0 g) and methyl iodide. The precipitates formed 
upon heating were filtered, washed several times with acetone, and recrystal-
ized from ethanol solutions. 
     DBDPE was prepared by bromination oftrans-stilbene (2.0 g) using 
pyridinium hydrobromide perbromide.37) The precipitate was filtered and 
washed with methanol. 
     Acetonitrile and dichloromethane were of reagent grade and used after 
distillation. Other chemicals were of reagent grade, and were used without 
further purification.
6.2.2. Electrochemical measurements with glassy carbon (GC) and Nafion-
coated GC electrodes 
     Electrochemical measurements were carried out using a conventional 
three-electrode system. The working electrode consisted of a glassy carbon
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(GC, 0.071 cm2) mounted in a Teflon® tube. The counter electrode was a 
platinum wire. Potentials were measured as, and referred to as, volts  vs. 
Ag/AgCI (3.3 M KCI). Cyclic voltammetry was performed with a potentio-
stat/galvanostat (Hokuto Denko, model HA-301) and a function generator 
(Hokuto Denko, model HB-104). 
     The Nafion-coated GC electrode was prepared as follows: 2 x 10-3 
cm3 of a solution of Nafion dissolved in alcohol (Aldrich, containing 5 wt.% 
Nafion of EW = 1100) was spread with a microsyringe onto a GC electrode 
and air-dried. The thickness of the recast Nafion is roughly estimated tobe 
7.8 µm by using 1.58 g cm-3 as the wet, Nat-form density 21) The Nafion-
coated electrode was then immersed ina 0.01 M viologen solution for 30 min 
to incorporate viologen in the Nafion coating. The quantity of electroactive 
viologen in the Nafion coating was determined coulometrically b  integrating 
the current that passed when the electrode potential was stepped from 0 to 
-0.8 V in aqueous 0.5 M KNO3.38) This quantity was estimated as the sur-
face concentration (F)in units of mol cm2-
6.2.3. Debromination f DBDPE by emulsion electrolysis 
     Emulsion electrolysis was carried out using a cylindrical undivided 
cell. A copper plate (40 cm2) was used as the cathode, and a platinum wire 
(1.5 cm2) was used as the anode. The two-phase system consisted of 
dichloromethane (40 cm3) containing DBDPE (1.5 mmol), and of aqueous 
phosphate buffer (0.25 M, pH 7, 20 cm3). The two-phase system was 
stirred vigorously, and viologen (0.2 mmol) was added. Electrolysis was 
carried out at a constant current of 0.5 mA cm-2. During runs, CH2C12-satu-
rated argon was bubbled through the two-phase system to purge oxygen dis-
solved in the two-phase system. After electrolysis, the organic phase was 
separated, and was analyzed by HPLC without any preceding separation pro-
cesses, using a Hitachi 638-30 liquid chromatograph fitted with a Zorbax 
ODS column (du Pont Co.).
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6.2.4. Cu-modified Pt-SPE composite electrode  (Cu,Pt-Nafion) 
     Cu-modified Pt-Nafion composite lectrodes were prepared as de-
scribed in chapters 1 to 3.8) A perfluorosulfonate cation-exchange mem-
brane, Nafion® 415 (E. I. du Pont de Nemours and Co.), was used as the 
SPE material. The Nafion 415 membrane was treated in boiling water, and 
then platinum was first deposited on one side of the membrane by an electro-
less plating method4) The amount of deposited Pt was typically 9.3 mg 
cm-2. Copper was then deposited on the Pt layer by an electroplating method 
to enhance the hydrogen overvoltage.8) The total charge passed uring Cu 
deposition was 10 C cm-2. The resulting Cu-modified Pt-Nafion is referred 
to hereafter as "Cu,Pt-Nafion".
6.2.5. Incorporation of Viologens into Cu,Pt-Nafion 
     Cu,Pt-Nafion was rinsed with distilled water and immersed in aque-
ous 0.5 M Na2SO4 under argon purging for 3 h to change its counter-ion 
from Cu2+ to Nat. Viologen dications were then incorporated into the SPE 
composite electrode by immersing the electrode ina 0.01 M viologen solution 
for 12 h under argon purging.
6.2.6. Debromination f DBDPE by SPE method 
     The cell used for SPE electrolysis i shown in Fig. 6.2. The cell was 
composed oftwo compartments, which were separated bythe SPE composite 
electrode. The volume of each compartment was 40 cm3. The effective geo-
metric surface area of the SPE composite electrode was 3.1 cm2. A platinum 
wire (1.5 cm2) was used as the counter electrode. The current feeder for the 
SPE composite lectrode consisted of a gold ring, which was pressed onto 
the outer surface of the deposited Pt layer. Electrode potentials were mea-
sured using a Luggin capillary placed in the anode compartment. The mea-
sured potentials include the contributions of a fairly large ohmic drop as well 
as a junction potential. The cathode compartment (left-hand side) was filled 
with CH2C12 containing 0.6 mmol DBDPE. No supporting electrolytes were 








Fig. 6.2. Schematic diagram of the electrolytic cell for the SPE 
composite lectrode. (a) SPE composite lectrode; (b) current feeder; (c) 
platinum wire counter electrode; (d) Ag/AgCI reference electrode; (e) cathode 
compartment; (f) anode compartment; (g) argon gas inlet; (h) CH2C12-
saturated argon gas inlet.
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with 0.1 M aqueous phosphate buffer (pH 7). Electrolysis was carried out 
galvanostatically unless otherwise noted. During runs argon and  CH2C12-
saturated argon were bubbled through the anode and cathode compartments, 
respectively. After electrolysis, the catholyte was analyzed by HPLC without 
any preceding separation processes.
6.3. Results and Discussion 
6.3.1. Active species in homogeneous sy tem 
     Cyclic voltammograms for C3VBr2 and DBDPE on a GC electrode in 
acetonitrile are shown in Fig. 6.3. The cyclic voltammogram for C3VBr2 
[curve (a) in Fig. 6.3] clearly showed two reversible one-electron reduction 
waves. Similar results were obtained for C1VI2, C2VBr2, CSVBr2, and 
CSVBr2. The respective half-wave potentials (E1/2 = (Epc+Epa) / 2)39) are 
listed in Table 6.1. The first and the second half-wave potentials were almost 
constant, and independent of he alkyl-chain lengths of viologens. These re-
sults are in accordance with the results reported by van Dam and Ponjee.27) 
Curve (b) in Fig. 6.3 shows a cyclic voltammogram taken in DBDPE solu-
tion. The reduction current started to flow at -0.70 V vs. Ag/AgCI. Curve 
(c) in Fig. 6.3 shows the effect of the addition of DBDPE on the voltammo-
gram for C3VBr2. The addition did not affect he reversibility of the first set 
of redox peaks. On the other hand, the second set of peaks was strongly af-
fected by the addition of DBDPE. A large increase in the cathodic urrent 
was observed, and the oxidation wave on the reverse scan was depleted, al-
though the first oxidation wave was not affected. This result suggests a rapid 
consumption f C3V0 by a chemical reaction between C3V0 and DBDPE 40) 
Similar results were obtained for C1VI2, C2VBr2, CSVBr2, and C8VBr2. 
Consequently, it is concluded that he active species for the reduction of DB-
DPE in homogeneous solutions i  not C„V+' , but C„V0.
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     E / V vs. Ag/AgCI
0
Fig. 6.3. Cyclic voltammograms for(a) 2.1 mM C3VBr2, (b) 4.0 mM 
DBDPE and (c) 2.1 m M C3VBr2 + 4.0 mM D B D P E in 0.2 M 
LiC1O4/acetonitrile on GC (0.071cm2). v = 50 mV sec-1.
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Table  6.1. Half-wave potentials of various viologens in 
           acetonitrile.
Viologen     -E1/2 (V vs. Ag/AgCI) 

















 6.3.  2. Debromination f DBDPE by emulsion electrolysis 
     The results for the electrochemicaldebromination f DBDPE to trans-
stilbene in the two-phase system consisting of dichloromethane and aqueous 
phosphate buffer (pH 7) are summarized in Table 6.2. Without any additives 
(Run 1), the current efficiency for trans-stilbene production was 0.9%, that 
is, the debromination hardly occurred at all. The addition of dodecyl-
trimethylammonium bromide (DTAB) to the two-phase ystem (Run 2) accel-
erated the debromination reaction, and the current efficiency increased to 
22.3%. Although DTAB cannot serve as an electron mediator, it improves 
the wettability of the electrode surface by the organic phase through its ad-
sorption, and gives ionic conductivity to the organic phase. Therefore, DB-
DPE can be considered tohave received electrons directly from the electrode 
through the "wetting mechanism" proposed by Wendt et al.,41,42)resulting 
in trans-stilbene production. A polymer-like substance was observed as a by-
product. This by-product may have been produced through the electro-poly-
merization of trans-stilbene at the anode, and the yield (moles trans-stilbene 
produced/moles reactant consumed) was therefore only 78%. Increasing 
amount of DTAB (Run 3) did not change the current efficiency significantly. 
     The addition of a catalytic amount (0.2 mmol) of C8VBr2 (Run 4 in 
Table 6.2) enhanced the current efficiency to 37.0%. Polymer-like product 
was again observed as a by-product. Increasing amount of C8VBr2 to 0.4 
mmol (Run 5) improved the current efficiency, and increasing charge passed 
(Run 6) improved the conversion (60.6%). 
     Several workers have studied chemical debromination f DBDPE cat-
alyzed by viologens in two-phase systems, and two different reaction mech-
anisms have been proposed 29,30) Endo et al.29) have proposed a mechanism 
in which viologen cation radical extracted from an aqueous phase into an or-
ganic phase reacts directly with DBDPE. On the other hand, Maiden et al.30) 
concluded that the doubly reduced neutral form of viologen is generated by 
the disproportionation of the cation radical in a two-phase ystem, and that he 




Table 6.2. Electro-debromination of meso-1,2-dibromo-1,2-diphenylethane in two phase systema.




































a The two phase system consisted of 40cm3 of CH2C12 containing 1.0 mmol of meso-1,2-dibromo-
1,2-diphenylethane, d of 20 cm3 of 0.25 M phosphate buffer solution (pH 7). I = 0.5 mA/cm2. 
b Dodecyltrimethylammonium bro ide. 
c Yield = (amount of product) / (amount of consumed reactant) X100 (%).
     In the emulsion electrolysis inthis chapter, the addition of C8VBr2 re-
sulted in a blue color in both the organic and aqueous phases due to  C8V+'. 
Without any stirring, the blue color of C8V+' prevailed only in the vicinity of 
the cathode in the aqueous phase. It is therefore inferred that C8V+' produced 
on the electrode inthe aqueous phase is extracted into the organic phase upon 
stirring. The electrode potential during Run 4 in Table 6.2 was measured, 
and was about -0.6 V vs. Ag/AgCI. At this potential, C8V0 cannot be pro-
duced; only C8V+' production ispossible. Since GsV+' itself was not active 
for the debromination (as shown in Fig. 6.3), the active species, C8V°, can 
reasonably be considered tobe produced by the disproportionation of C8V+', 
as in the reaction mechanism proposed by Maidan et al. The reaction mecha-
nism is outlined in Fig. 6.4. In this mechanism, C8V+', which is formed on 
the electrode inthe aqueous phase, is extracted into the organic phase, where 
it disproportionates o C8V0 and C8V2+. Octylviologen dication, C8V2+, is 
then extracted back into the aqueous phase, and C8V° reacts with DBDPE in 
the organic phase.
6.3.3. Estimation of disproportionation constant (I) in two-phase system 
     In order to further substantiate he reaction mechanismproposed 
above (Fig. 6.4), the disproportionation constant, Kd, of octyl viologen 
cation radical was estimated for a two-phase system consisting of dichloro-
methane and water. The disproportionation of octyl viologen cation-radical 
(C8V+') in a dichloromethane-water two-phase ystem isexpressed as:
2C8V+'(o) + 2Br(o)
Kd 
H C8V0(o) + C8V2+(w) +2Bf(w) 
AGd° [6.1]
where subscripts (o) and (w) indicate species in the organic phase and in the 
aqueous phase, respectively, and Kd denotes the disproportionation constant. 





C8V2+(W) + e- 
C8V+'(W) + Br-(W) 
2C8V+'(0) + 2Br (0)
 C8V+.(w) 
C8V+'(0) + Br (o) 
CgV° (0) + .C8V2+(w) + 2Br (w)
Br Ph 
 i IH\ ,Ph 
Ph—C—C—H + 2C8V°(0) /C=C\ + 2C8V+'(0) + 2Br (°) 
 H Br (°)Ph H (o) 
 mesotrans 
Fig.  6.4 . Reactions for debromination of DBDPE by viologens in a two-
phase system.
quirement in each phase. The disproportionation constant, 
the standard free energy change,  AGA°, by the equation 
    AGd° = -RT1n(Kd)
Kd, is related to
[6.2]
where R is the gas constant and T is the temperature. Reaction [6.1] can be 
separated into the following three reactions: 
C8V2+(o) + e-4-> C8V+.(0) 
El°, AGi° [6.3] 
C8V+*(0) + e-.,) C8V°(o) 
                                   E2°, AG2° [6.4] 
C8\72+(o) + 213r(0) 4-> C8V2+(w) + 2BI-(w) 
                                   Ktr, AGtr° [6.5]
where El° and E2° are the standard electrode potentials for C8V(0)2+/C8V(0)+. 
and C8V+.(0)/C8V(0), respectively, and Ktr is the extraction constant of 
C8V1312 from the organic phase to the aqueous phase. AGi°, AG2° and 
AGtr° are the standard free energy changes for reactions [6.3], [6.4] and 
[6.5], respectively, and are given by 
  AGi° = -FEl°[6.6] 
  AG2° =-FE2°[6.7] 
   AGtr° = -RT1n(Ktr)[6.8] 
where F is the Faraday constant. From equations [6.1] to [6.8], the follow-
ing relation is obtained: 
    AGd° = (AG2° - AG1°) + AGtr°[6.9] 
         = -F(E2° - Ei°) - RT1n(Ktr)[6.10]
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     The first term in equation [6.10], E2°-  El°, was estimated from the 
voltammogram shown in Fig. 6.5, which was taken in water-saturated 
dichloromethane containing 1.02 mM C8VBr2, 1.33 mM ferrocene (Fc) and 
0.1 M tetrabutylammonium perchlorate (TBAP). The anodic and cathodic 
peaks around 0.55 V, -0.3 V and -0.8 V vs. Ag/AgCI are assigned to Fc+ 
/FO, C8V2+ /CBV+' and C8V+' /C8V°, respectively. The potential at the 
midpoint between the anodic and cathodic peaks of each redox couple corre-
sponds to its half-wave potential (E1/2) 34) Here E1/2 was used as the stan-
dard electrode potential (E°), assuming the oxidized and reduced halves of 
each redox couple have equal diffusion coefficients and equal activity coeffi-
cients. In Fig. 6.5, E2° - El° is -516 mV, and the first term of equation 
[6.9], AG2° -AGi°, is estimated tobe 49.8 kJ mol-1. This value corresponds 
to the standard free energy change for the disproportionation reaction in ho-
mogeneous dichloromethane, and the disproportionation constant in the ho-
mogeneous system is estimated to be 2.1 x 10-9. This value shows that the 
disproportionation reaction sparingly occurs in the homogeneous system. 
     The value of Ktr was determined as follows: A givenamount of 
C8VBr2 was dissolved in a two-phase system consisting of dichloromethane 
and water. The two-phase system was vigorously shaken for 10 min and left 
standing for 12 h. After the volume of each phase was measured, the concen-
tration of C8V2+ in each phase was determined spectroscopically. The con-
centration dependence of the partition of C8V2+ was determined, and Ktr was 
estimated by extrapolation to[C8V2+] — 0 . The temperature ofthe two-
phase system was maintained at27 ± 0.5°C. 
     The partition of C8V2+ between dichloromethane and water is shown 
in Fig. 6.6 as a function of the concentration f C8V2+ in water. The loga-
rithm of the ratio of the concentration f C8V2+ in the aqueous phase over its 
concentration in the organic phase decreased with increasing [C8V2+(w)] in 
the concentration range of log [C8V2+(w)] > -2.6, where a fraction of the vio-
logen in the organic phase is considered toexist in associated forms such as
-134-
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Fig. 6.5. Cyclic voltammogram.for 1.33 mM ferrocene and 1.02 mM 
















 log  [C8V2+(w)]
-2
Fig. 6.6. Partition of C8V2+ between water and CH2C12.
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C8VBr+ +  Br or C8VBr2. However, the ratio remained constant in the con-
centration range of log[C8V2+(w)] < -2.6. 
     The extraction constant, Ktr,can be expressed using activities and ac-
tivity coefficients as:
YC8 V2+(w) •(YBr (w))2 •[ 03V2+(w)] [Br(w)]2
Ktr = [6.11]
YC8 V2+(o) • 031 (0))2 ' [ C8V2+(o)] [Br(0)]2
The electroneutrality requirement in each phase demands that [Br(w)] = 
2[C8V2+(w)], and that [Br-(0)] = 2[C8V2+(o)]. Since the ratio between the 
concentrations i  the aqueous phase and in the organic phase is constant inthe 
range log[C8V2+(w)] < -2.6, the extrapolation to c -* 0 permits us to assume 
activity coefficients ofunity, and equation [6.12] can be written as
Ktr = { [C8V2+(w)]/[C8V2+(o)] }3 c-^0 [6.12]
By the extrapolation of the curve in Fig. 6.6 to c -- 0, the value of 
log([C8V2+(w)]/[C8V2+(o)])c-._,o is approximately 3.86, which yields log(Ktr) 
= 11.58. Therefore, AGtr° is estimated to be -66.5 kJ moll using equation 
[6.8]. 
     Substituting the values for AG2° - AGi° and AGtr° into equation 
[6.9], OGd° and Kd are estimated to be -16.7kJ mo1-1 and 809, respectively. 
These values hows that he generation ofthe doubly reduced form, C8V0, is 
possible by the disproportionation reaction at the CH2C12/H2O interface after 
the cation radical, CBV+', is accumulated in the organic phase. This substan-
tiates the applicability to the present system of the reaction mechanism pro-
posed by Maidan et al., in which the active species, C8V0, is generated by 
the disproportionation of C8V+'.
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6.3.4. Debromination f DBDPE on SPE composite electrode with incorpo-
rated viologen species 
     The results for the electrochemical debromination f DBDPE using the 
SPE composite electrodes with incorporated viologen species are summarized 
in Table 6.3. Without incorporated viologen (Run 1), very little debromina-
tion occurred. However, on the Cu,Pt-Nafion incorporating C3V species 
(Run 2), the current efficiency of the debromination reached 14.0%. During 
Run 2, the catholyte took on the blue color of  C3V+'. This coloring indicates 
that a fraction of the C3V+' produced at the active sites of SPE composite 
electrode was transported into the catholyte (CH2C12 solution) because of the 
lipophilicity of C3V+'. When electrolysis was interrupted, the blue color of 
the catholyte persisted for more than 30 min, which suggests hat he cation 
radical dissolved in the catholyte was not reactive with DBDPE, as is the case 
in the homogeneous system of Fig. 6.3. The transport of C3V+' to the 
catholyte decreases the concentration f the C3V species in the SPE composite 
electrode. The addition of 7.5 mM of C3VBr2 (0.3 mmol) into the anolyte to 
supply viologen species from the anolyte (Run 3) improved the current effi-
ciency to 45.1%. Also, a higher current efficiency was obtained at a lower 
current density of 0.17 mA cm-2 (Run 4). Since no other organic products 
were detected inthe solution, the decrease inthe yield (to 75.3%) is attributed 
to incomplete product recovery, e.g., some of the trans-stilbene may have 
remained inthe Nafion membrane, etc. 
     On the other hand, the current efficiency was not improved signifi-
cantly by incorporating ofC8V species (Runs 5 and 6). These results are 
contrast to those obtained in the emulsion system, and are discussed in the 
following sections.
6.3.5. Active species in debromination with SPE composite electrode 
     Since SPE composite electrodes with incorporated viologen species 
had high resistance, it was difficult to directly examine the electrochemical 
behavior. Thus a GC electrode coated with Nafion was employed to examine 
the electrochemical behavior of viologen species . Cyclic voltammograms of
-138-
Table 6.3  . Electro-debromination of meso-1,2-dibromo-1,2-diphenylethane on Cu,Pt-Nafion incorporating violog en.a
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a The catholyte was 40cm3 of CH2C12 containing 0.6 mmol of meso-1,2-dibromo-1,2-diphenylethane, 
and the anolyte was 40 cm3 of 0.1 M phosphate buffer solution (pH 7). Q = 2 F mo11. 
b The concentration f the viologen added to the anolyte. 
c Yield = (amount of product)/(amount of consumed reactant) X100 (%).
the Nafion-coated GC electrode incorporating  C3V2+ are shown in Fig. 6.7. 
Sodium sulfate was used as supporting electrolyte, and no viologen species 
were added to the solution. 
     Curve (a) inFig. 6.7 was obtained in the potential range between OV 
and -0.75 V vs. Ag/AgC1. The reduction-oxidation peaks around -0.6 V cor-
respond to the C3V2+/C3V+' couple incorporated in the Nafion film. These 
peaks were unchanged as long as the potential scans were limited to the po-
tential range between 0 V and -0.75 V. For an electrode coated with a thinner 
coating film incorporating methyl viologen (rciv2+ = 10 to 11 x 10'9 mol 
cm-2), the peaks have been reported to correspond tothose expected for an 
adsorbed species.43) However, in the voltammogram shown in Fig. 6.7a, a 
diffusion wave is observed because of the relatively thick coating film (7.8 
pm) and large amount of C3V-species (FC3v2+ =1.6 x 10-7 mol cm-2) incor-
porated in Nafion. 
     When potential was scanned to values more negative than -0.75 V 
[curve (b) in Fig. 6.7], the cathodic urrent started to flow at about -1.1 V, 
but well-defined peaks for C3V+'/C3V° were not obtained. The current in-
crease at -1.1 V is attributed mainly to the observed hydrogen evolution. 
Well-defined reduction-oxidation peaks were observed around -0.85 V for a 
C3V+' /C3V° couple on an uncoated GC electrode in aqueous 0.5 M KNO3. 
These facts mean that he peaks in Nafion were shifted negatively by at least 
200 mV with respect to those in an aqueous olution. In addition, the oxida-
tion peaks for C3V2+/C3V+' was split into two peaks when the potential was 
scanned to -1.2 V [curve (c) in Fig. 6.7]. Kaifer and Bard44) studied the 
electrochemical behavior and ESR spectra of methyl viologen in solutions 
containing various kinds of micelles. They observed a significant shift of the 
QV" /Ci V° redox peaks in the negative direction i  the presence of SDS mi-
celles, and attributed the observed peak shift to the stabilization ofthe cation 
radical by hydrophobic interactions with the SDS micelle core. Rubinstein24) 
has investigated the electrochemical behavior of methyl viologen incorporated 
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served that the reduction peak of the incorporated  CiV+' /CiV° couple was 
shifted to a considerably more negative potential than that for the same couple 
in solution, and that the oxidation waves were split into two well-defined 
peaks for each of CiV+' and CiV°. They interpreted the shift of the reduction 
potential in terms of the stabilization of CQV+' by the hydrophobic interactions 
with interfacial domain of Nafion, and the peak-splitting in terms of the dif-
ferent moieties of CQV+' and CiV° residing in the different domains of 
Nafion, i.e., the ionic cluster egion and the interfacial region. Therefore, the 
similar results obtained in this chapter imply the stabilization of C3V+' in 
Nafion, perhaps arising from hydrophobic interactions, and from the phase 
transfer of C3V+' from the ionic cluster egion to the hydrophobic interfacial 
region in Nafion. 
     As shown in Fig. 6.7, C3V° is not produced on the electrode at po-
tentials more positive than -1.0 V. Electrochemical debromination of DBDPE 
on Cu,Pt-Nafion with incorporated C3V species was conducted excluding 
electrochemical formation of C3V° by maintaining carefully the electrode at 
potentials more positive than -1.0 V. The electrolysis was carried out as fol-
lows: From 0 to 7.0 C, the electrolysis was carried out at a constant potential 
of -0.8V. From 7.0 to 24.0 C, the electrolysis was carried out at a constant 
current of 32 µA cm-2. From 24.0 to 42.0 C, a constant current of 26 µA 
cm-2 was applied. Under the constant current conditions, the ohmic drop 
through the Nafion membrane was measured by a current interrupt method, 
and the electrode potentials were corrected for the ohmic drop. The iR-cor-
rected potentials were more positive than -1.0 V in all cases. The variations 
in the electrode potential during the electrolysis are shown in Fig. 6.8. The 
resistance of the Nafion membrane with incorporated C3V species reached 
values as high as 4.2 IQ cm-2. It was reported that large organic cations have 
extremely smaller diffusion coefficients in Nafion than those in solutions be-
cause of the hydrophobic interactions with the hydrophobic domains of 
Nafion 22) The observed high resistance is attributed to a slow mass-trans-
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F i g . 6.8. Variation of electrode potential with charge passed (Q); 
• : measured potential; 0 : after correcting for iR drop. The catholyte was 
40 cm3 of CH2Cl2 containing 0.6 mmol of DBDPE. The anolyte was 40 cm3 
of 0.25 M aqueous phosphate buffer (pH 7) containing 7.5 mM C3VBr2.
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     The current efficiency of trans-stilbene production after 0.72 F per 
mol of the reactant had been passed was 51.1%.  C3V° was not produced on 
the electrode during this electrolysis because the electrode potential was kept 
more positive than -1.0 V; only C3V+' was produced. As described above, 
C3V+' is not reactive for the debromination. Since DBDPE was nevertheless 
electro-reduced to trans-stilbene, the active species, C3V°, must have been 
generated by disproportionation of C3V+' on the SPE composite electrode.
6.3.6. Reaction mechanism on SPE composite electrode 
     The disproportionation of viologen cation radicals requires an organic-
aqueous interface, as indicated in the above section on estimation of the dis-
proportionation constant. In this chapter, a CH2C12 solution was used as the 
catholyte, and an aqueous phosphate buffer was used as the anolyte. The in-
terface must be formed between the catholyte and the anolyte. Nafion is 
known to contain a large amount of water. For example, H+-form Nafion 
(EW = 1200) absorbs about 30 % of its dry weight in water.45) Therefore, 
an organic-aqueous interface isformed between the catholyte (CH2C12 solu-
tion) and the Nafion membrane of the SPE composite at the surface of 
Nafion. However, this interface is similar to the interface in the unstirred 
emulsion system, in which the debromination did not proceed at an apprecia-
ble rate. As described inthe SPE electrolysis section, viologen cation radical 
dissolved into the catholyte was stable for more than 30 min after the electrol-
ysis was interrupted. This fact demonstrates hat cation radicals dissolved in 
the catholyte cannot participate inthe debromination reaction. Therefore, the 
cation radicals cannot disproportionate atthe organic-aqueous interface 
formed at the Nafion surface in contact with the catholyte. 
     Let us now focus on effects related to thestructure of Nafion. Nafion 
has a multi-phase tructure consisting ofa fluorocarbon backbone region and 
an ionic cluster egion 11-14) The ionic clusters are hydrophilic, consisting of 
the fixed charge sites, counter-ions, co-ions and water, and hence are re-
garded as an aqueous phase. The viologen dications may mainly reside in 
this region. On the other hand, the fluorocarbon backbone region is highly
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lipophilic, and interacts with non-polar solvents having low solubility pa- 
rameter values uch as dichloromethane46)  (S = 9.7 call/2cm-3/2) 47) Cry s-
                                                      tallized parts of the fluorocarbon region are known to occupy 12 wt. %o f the
Hi-form Nafion (EW = 1100).48) It is difficult for viologen species to be 
dissolved in and to move through such a rigid crystallized region. However, 
the interfacial region, the presence of which was suggested by Yeager and 
Steck,13) and Ogumi et al.,14) consists of the amorphous part of the fluoro-
carbon backbone and the side chains of Nafion. It has been proposed that 
hydrogen and oxygen diffuse through the interfacial region in Nafion mem-
branes.14) This region is considered tobe flexible enough to absorb non-po-
lar solvents and hydrophobic species, uch as dichloromethane and viologen 
cation radical. Although an explicit model has not been shown yet, the inter-
facial region is expected tofunction as an organic phase, and is adjacent to the 
hydrophilic ionic cluster region. This combination forms an organic-aqueous 
interface. As indicated by the results of the cyclic voltammetry experiments 
with C3V-species in a Nafion film, viologen cation radicals have a tendency 
to be extracted into Nafion, perhaps because of hydrophobic interactions with 
the interfacial region in Nafion and resulting transfer from the ionic cluster 
region to the interfacial region. This interface ismicroscopic, and has a large 
interfacial rea. The cation radicals can make ffective use of this interface to 
disproportionate and release neutral forms of viologen which then reside in 
the hydrophobic nterfacial region. The disproportionation of C„V+' and the 
debromination f DBDPE at the interface in the SPE composite electrode are 
shown schematically in Fig. 6.9. First, viologen dications in the ionic cluster 
region are reduced to cation radicals on the electrode material. Next, the 
cation radicals are extracted into the hydrophobic nterfacial region, and the 
extracted cation radicals disproportionate to form a doubly reduced form and a 
dication. Then, the doubly reduced form reacts in the interfacial region with 
DBDPE (the latter is transported into the Nafion through the porous electrode 
layer). The doubly reduced form is oxidized to the cation radical, and the ac-
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F i g. 6.9. Reaction mechanism for the electro-debromination in the SPE 
composite electrode.
6.3.7. Effects of the alkyl-chain length of viologen compounds 
     While octyl viologen did not show high activity for the debromination 
of DBDPE on the SPE composite lectrode, it was active in the emulsion 
system. This fact implies that alkyl-chain length of viologen compounds 
significantly affects their activity for debromination. The effect of the chain 
length was examined, and the variations of the current efficiency with chain 
length (n) for the emulsion system and the SPE composite lectrode were 
compared. The results are shown in Fig. 6.10. Electrolyses were carried out 
at constant currents of 0.5 and 0.3 mA  cm-2 for the emulsion system and for 
the SPE composite electrode, respectively. 
     In the emulsion system, the current efficiency was low when viologen 
compounds with n s 5 were used as catalysts. Octyl viologen facilitated the 
debromination, and the current efficiency was improved. The long alkyl-
chain increases the hydrophobicity of Cs V1312, and facilitates the phase trans-
fer and the disproportionation f the cation radical. In chemical debromina-
tion of DBDPE using Na2S2O4 as a reductant, viologen compounds with n z 
3 was reported to be effective as catalysts 29) In the chemical debromination, 
a large amount of viologen cation radical is produced inthe two-phase system 
by instantaneous reduction of viologen dication, while in the emulsion elec-
trolysis viologen cation radical is produced and accumulates in proportion to 
the electricity that passes. When viologens with short side chains are used in 
the emulsion electrolysis, the disproportionation d es not proceed appreciably 
until the concentration f the cation radical increases, probably because the 
lipophilicity of viologens with short alkyl chains is low. Hence the cation 
radicals are considered tobe re-oxidized at the anode before they dispropor-
tionate. 
     On the SPE composite electrode, the current efficiency was high even 
when viologen species with n s 5, which were rather ineffective inthe emul-
sion system, were incorporated. The current efficiency was highest when 
C3V-species was incorporated into the Nafion membrane. The hydrophobic-
ity of viologen cation radical increases with increasing alkyl chain length .28) 
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n
Fig. 6.10. Effect of alkyl-chain length (n) of viologens on current 
efficiency; • : on the SPE composite lectrode;^ : in the emulsion system. 
The emulsion system consisted of40cm3 of CH2C12 containing 1.0 mmol of 
DBDPE and of 20 cm3 of 0.25 M phosphate buffer (pH 7) containing 0.2 
mmol viologen. In the SPE method, the catholyte was 40 cm3 C H2C12 
containing 0.6 mmol of DBDPE and the anolyte was 40 cm3 of 0.1 M 
phosphate buffer (pH 7) containing 7.5 mM viologen.
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into the hydrophobic region of Nafion. The concentration ofviologen is 
much higher in the Nafion membrane than that in the emulsion system, be-
cause the  viologens are fixed inside the Nafion membrane. The local accumu-
lation of cation radicals inside the Nafion allows the disproportionation t  oc-
cur relatively easily, even when viologens with short alkyl-chains are incor-
porated. 
     Let us now focus on the behavior of C8VBr2. While C8VBr2 was the 
most effective mediator of the viologens tested in the emulsion system (see 
Fig. 6.10), it was less effective for the debromination when incorporated in 
Cu,Pt-Nafion. As described above, hydrophobic cations have low diffusivi-
ties in Nafion because of their strong interaction with the hydrophobic parts 
of Nafion 22) Thus, C8V2+ may interact strongly with Nafion, resulting in 
retardation of its mass transport to the active sites. This retardation allows 
hydrogen evolution to occur more easily as a side reaction. In addition, some 
C8V2+ might already reside in the hydrophobic interfacial region even before 
disproportionation. It is also reported that water uptake is greatly reduced by 
the incorporation ofhydrophobic cations45) These two factors, the affinity 
of the interfacial region for C8V2+ and the suppression of water uptake, 
should suppress the disproportionation reaction.
6.4. Conclusions 
     The major findings of this chapter can be summarized asfollows: 
     (i) Electro-debromination of DBDPE was carried out in an emulsion 
system consisting of dichloromethane and an aqueous olution. Viologen 
compounds, especially octyl viologen dibromide, were found to be effective 
as catalysts. Itwas inferred that he doubly reduced neutral form of viologen, 
which acts as the active species, is generated by the disproportionation of 
cation radical, according to the mechanism proposed by Maidan et al. 
    (ii) The standard free energy of the disproportionation andthe dispro-
portionation constant of octyl viologen cation radicals to a doubly reduced 
neutral form and a dication in the dichloromethane-water two-phase system
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were estimated tobe -16.7 kJ  mo1-1 and 809, respectively. These values in-
dicate that the disproportionation s possible, and support the reaction mech-
anism proposed by Maidan et al. 
     (iii) DBDPE was electro-debrominated to trans-stilbene onSPE com-
posite electrodes with incorporated viologen species. Viologen species with 
shorter alkyl-chains (n s 5) were more effective when incorporated in the 
SPE composite electrodes than when used in the emulsion system. The cur-
rent efficiency was highest when propyl viologen was incorporated. The ac-
tive species in the SPE composite lectrodes was considered tobe generated 
by disproportionation of the cation radical. The details of the reaction mech-
anism were explained by assuming microscopic phase-transfer dispropor-
tionation between the ionic cluster egion and the hydrophobic nterfacial re-
gion of the Nafion: In the proposed reaction mechanism, viologen dications 
in the hydrophilic ionic cluster egion are reduced to cation radicals on the 
electrode. The cation radicals are extracted into the hydrophobic nterfacial 
region, and a doubly reduced neutral form, which functions as the active 
species, isthen generated by disproportionation of the cation radicals.
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Perfluorinated  Ionomer 
Incorporating Organic
7.1. Introduction 
     "Nafion" perfluorinated ionomer membranes are well known to be mi-
croscopically separated into two phases: an ionic cluster domain, which con-
tains most of the sulfonate groups, cations and absorbed water, and a hy-
drophobic fluorocarbon backbone domain, which surrounds the ionic clus-
ters.1,2) Electrodes coated with Nafion have been a subject of considerable r -
cent interest.3-9) Several workers in this field have observed unusual behavior 
of organic cations incorporated into Nafion 6.9) For example, Nafion has 
strong affinity for large organic ations,6) the organic ations incorporated in 
Nafion have extremely small diffusion coefficients,7) etc. These unusual prop-
erties have been generally interpreted using the cluster-network model of 
Nafion, and attributed tothe interactions between organic ations and Nafion. 
However, the presence of the ionic clusters has been confirmed only for the 
Nafion membranes incorporating inorganic ations, and few studies have been 
reported on the structure ofNafion incorporating organic ations.
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     In this chapter, the structure of Nafion incorporating large organic 
cations,  tetraethylammonium (TEA+) a n d 1,1'-dialkyl-4,4'-bipyridinium 
cations (viologen), is studied using small-angle X-ray scattering (SAXS).
7.2. Experimental 
     A perfluorinated sulfonate membrane, Nafion® 117 (E. I. du Pont de 
Nemours and Co., EW = 1100), was used in this chapter. Nafion samples (2 
cm x 2 cm x 170 Rm) were immersed in aqueous 1 M H2SO4 containing 3% 
H2O2 for 7 days to exchange the counter-ion from Na+ to H+ and to remove 
organic impurities, and were then treated inboiling water for 1 h. The sam-
ples were converted to various ionic forms by immersion in solutions contain-
ing the corresponding salts for 5 or 50 days at room temperature. Some of the 
samples were again boiled in the salt solutions for 1 h. These treatment con-
ditions are summarized in Table 7.1. 
     SAXS measurements were performed using a 6-m SAXS system at the 
High Intensity X-ray Laboratory (HIXLAB) of Kyoto University. The sam-
ple was cut into a piece (ca. 5 x 5 mm2), and was mounted ina cell for liquid 
samples equipped with a mica windows (20 thick) to prevent from drying. 
The X-ray is CuKa (X. = 1.54056 A) from a fine-focus X-ray generator 
(Rigaku Co., RU-1000C3) operated at40 kV and 50 mA. Isotropic two-di-
mensional intensity ofX-ray scattering collected by a two dimensional posi-
tion-sensitive proportional counter was corrected for the intensity of back-
ground and for the non-uniformity of detector sensitivity, and then circularly 
averaged to give the one-dimensional data. 
     The content of absorbed waterin the membrane was determined as
follows: The sample was quickly blotted between two sheets of filter paper 
and weighed. After it was dried under vacuum at100°C for 72 h, the content 
of absorbed water was determined by subtracting the weight of the dry poly-
mer from the total weight. The density of dry polymer was calculated from 
the weight and size of the sample after dried.
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Table 7.1. Treatment conditions of Nafion 117 membranes and the results of SAXS and water absorption 
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2.6 + 3.3e 
 2.2
a The membrane was boiled in water . b Tetraethylammonium perchlorate. C 1,1'-dipropyl-4,4'-bipyridinium 
dibromide. d 1,11-dioctyl-4,4'-bipyridinium dibromide. e Two maxima were observed on the Iq2 vs. q plot.
 1,1'-dipropyl-4,4'-bipyridinium dibromide (C3VBr2) and 1,1'-dioctyl-
4,4'-bipyridinium dibromide (C8VBr2) were prepared from 4,4'-bipyridine 
and the corresponding alkyl bromides, and recrystallized from ethanol solu-
tions. Other chemicals were of reagent grade, and were used without further 
purification.
7.3. Results and Discussion 
     Although detailsofthe configuration ofthe ionic clusters cannot be 
obtained from SAXS results alone, the cluster-network model proposed by 
Gierke et al.1) to calculate the inter-cluster distance and cluster size. In the 
cluster-network model, the counter-ion, ion-exchange sites and absorbed wa-
ter are distributed in simple spherical domains, and the spherical clusters are 
connected by short narrow channels. In this model, the Bragg spacing (d), 
which is calculated from a SAXS maximum using scattering angle (2q) and 
the Bragg equation (k = 2d sin0), is assigned to the average distance between 
clusters. The average size of the clusters i  estimated using the amount of ab-
sorbed water assuming that he clusters would be distributed on a simple cubic 
lattice with an average lattice constant, i.e., the Bragg spacing. 
     Figures 7.1 to 7.3 show the Iq2 vs. q plots for inorganic ion-, C3V2+-
and C8V2+-form embranes, respectively. Here, I and q are scattering in-
tensity and scattering vector, q= (47tNsin0, respectively. In Fig. 7.1, strong 
scattering maxima were observed at ca. q = 0.12 for swollen H+- and Na+-
form membranes, while as-received dry Na+-form embrane did not exhibit a 
maximum. Hence, these maxima re attributed tothe formation of the ionic 
clusters by swelling treatments, which is in agreement with the results re-
ported by Gierke t al.1) 
C3V2+- and C8V2+-form embranes al o exhibited scattering maxima. 
This fact clearly shows the presence of the ionic clusters in these forms. For 
C3V2+-form embranes (Fig. 7.2), the Bragg spacing decreased with an in-
crease in C3V2+ concentration in the salt solution and with immersion time, 
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Fig. 7.1. Iq2 vs. q plot of SAXS intensity for inorganic ion-form Nafion 
117. (0) Hi-form, (A ) K+-form, and (0) as-received dry Nat-form. q = 
(470.)sinO, where X = wavelength in and 2q = scattering angle.
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Fig. 7.2. Iq2 vs. q plot of SAXS intensity for C3V2+-form Nafion 117. 
The counter-ion was exchanged to C3V2+ immersing the H+-form mem-
branes in (0) 10 mM and (Es) 50 mM C3VBr2 solutions for 5 days, and (0) 
in 30 mM solution for 50 days.
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Fig. 7.3. Iq2 vs. q plot of SAXS intensity for C8V2+-form Nafion 117. 
The counter-ion was exchanged to C8V2+ immersing the H+-form mem-
branes in (0) 10 mM and ('s) 50 mM C3VBr2 solutions form 5 days, (0) 
in 50 mM solution for 50 days, and (4.) in 50 mM solution for 5 days fol-
lowed by boiling for 1 h.
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7.3), the Bragg spacing decreased slightly with an increase in  C8V2+ concen-
tration in the salt solution. On the other hand, it decreased significantly with 
immersion time, and after immersion for 50 days in a 50 mM salt solution a 
broad peak consisting of two maxima were observed, which shows that the 
inter-cluster distance was not uniform. The Bragg spacing further decreased 
after boiling for 1 h, and another sharp maximum was observed at q = 0.017 
(d = ca. 37 nm) in addition to the maximum assigned to the ionic clusters. 
This membrane was opaque, and hence this sharp maximum is attributable to
the partial crystallization f the backbone domain.1) 
     The results for SAXS and waterabsorption measurements are summa-
rized in Table 7.1 together with the treatment conditions. For the membranes 
incorporating inorganic ations, H+ and Na+, the cluster size was in the range 
from 4 to 5 nm, which is in agreement with the results reported by Gierke et 
a1.1) When the counter-ion was exchanged toTTEA+, the amount of adsorbed 
water and the cluster size were still as large as those of Na+-form (ca. 4 nm in 
diameter). The cluster size of the C3V2+-form embranes tended to decrease 
slightly with an increase inthe concentration f C3V2+ in the salt solution and 
with immersion time for C3V2+-form. 
     For C8V2+-form embranes after 5-day immersion, the Bragg spac-
ing, i.e., the inter-cluster distance expanded to a value larger than that of H+-
form. The water content and cluster size were of the order of those of Na+-
form. After the membrane was immersed in the salt solution for 50 days or 
boiled for 1 h, the Bragg spacing and water content again decreased, resulting 
in a significant decrease incluster size. The highly hydrophobic C8V2+ cation 
would interact strongly with the fluorocarbon backbone domain of Nafion. 
Yeager and Steck10) have reported that a hydrophobic Cs+ ion diffuses 
through the hydrophobic nterfacial region located between the ionic cluster 
and fluorocarbon domains of Nafion. It is therefore considered that C8V2+ 
cation resides in the hydrophobic domain of Nafion, which includes the inter-
facial region and even the fluorocarbon domain, as well as in the ionic clus-
ters. This will cause structural changes of the fluorocarbon domain. Al-
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though the exact reason for the drastic change in the structure of the ionic 
cluster observed for  C8V2+-form has not been clarified, it may be attributed to 
strong interactions between the highly hydrophobic C8V2+ cation and the fluo-
rocarbon backbone domain. 
     The above results clearly show the presence of the ionic clusters even 
when organic cations are incorporated in Nafion membranes. However, if 
strongly hydrophobic cations such as C8V2+ are incorporated, the structure of 
the clusters will change significantly with immersion time or by boiling treat-
ment. The model must be used carefully when highly hydrophobic cations are 
incorporated.
References 
1. T. D. Gierke and W. Y. Hsu, "Perfluorinated Ionomer Membranes," 
   ed by A. Eisenberg and H. L. Yeager, ACS Symposium Series No. 
   180, Washington DC (1982) Chaps. 10 and 13. 
2. T. D. Gierke, G. E. Mann, and F. C. Wilson, J. Polym. Sci., 
   Polym. Phys., 19, 1687 (1981). 
3. H. S. White, J. Leddy, and A. J. Bard, J. Am. Chem. Soc., 104, 
  4811 (1982). 
4. D. A. Buttry and F. C. Anson, J. Electroanal. Chem., 130, 333 
  (1981). 
5. N. E. Prieto and C. R. Martin,J. Electrochem. Soc., 131, 751 
  (1984). 
6. M. N. Szentirmay and C. R. Martin,Anal. Chem., 56, 1898 (1984). 
7. C. R. Martin and K. A. Dollard, J. Electroanal. Chem., 159, 127 
  (1983). 
8. I. Rubinstein, J. Electroanal. Chem., 188, 227 (1985). 
9. R-J. Lin, T. Onikubo, K. Nagai, and M. Kaneko, J. Electroanal. 
   Chem., 348, 189 (1993). 




Raman Spectroscopic Analysis 
of Electrochemical Behavior 
of Propylviologen in Nafion
8.1. Introduction 
      A perfluorosulfonate cation-exchange membrane, Nafion®, i s 
chemically and thermally stable, and applied to a variety of processes such as 
proton-exchange membrane fuel cells,1) water electrolyzers,2) brine  elec-
trolyzers,3) sensors,4) batteries,5) and electrolyzers for electro-organic syn-
thesis.6-8) One of the most outstanding properties of Nafion is its multi-
phase structure. Gierke et al.9, 10) presented a cluster-network model that 
Nafion is microscopically separated into two phases: an ionic cluster domain, 
which contains most of the sulfonate groups, counter-ions and absorbed wa-
ter, and a hydrophobic backbone domain, which surrounds the ionic clusters. 
Yeager and Steck11) later proposed a three phase model in which an "interfa-
cial region" exists between the two domains of Gierke's model. Ogumi et 
a1.12) considered that the interfacial region consists of the amorphous part of 
the fluorocarbon backbone and the side chains of Nafion. Various properties 
such as solvent uptake,13) ion-exchange selectivity,14) permeation of inor-
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ganic  cations,9,11)gases,12, 15)andorganic molecules,17) etc.,have been 
explained interms of the multi-phase tructure ofNafion. 
      Electrodes coated with Nafion have received much attention owing to 
their properties that various electrochemically nd optically active cations can 
be incorporated into the Nafion film.18-20) Some workers have recently re-
ported that he multi-phase tructure causes interesting electrochemical behav-
ior of organic ations incorporated into the Nafion film 21-24) Rubinstein21) 
reported that the potential shifts and splitting of the redox peaks of fer-
rocene/ferricinium incorporated in the Nafion film. He interpreted this un-
usual behavior in terms of the different interactions ofthe two redox forms 
with different domains of Nafion. This was later supported by Harth et al.22) 
Similar behavior was reported for [Ru(bpy)(trpy)(OH2)]2+ (bpy : 2,2'-
bipyridine; trpy: 2,2',2"-terpyridine) incorporated into a Nafion-coated elec-
trode by Vining and Meyer23) and for thionine and methylene blue by John 
and Ramaraj.24) However, these studies have been carried out using cyclic 
voltammetry and no direct evidence that shows the residence sites in Nafion 
has been reported. 
      In this chapter, the unusual electrochemical and Raman spectroscopic 
behavior of 1,1'-dipropyl-4,4'-bipyridinium dication (propylviologen, 
C3V2+) incorporated into a Nafion film is reported. Viologens are reduced 
through two successive one-electron transfer steps.25) Whereas the dication 
is rather hydrophilic, the reduced species, i.e., the cation radical and the 
doubly reduced form, are strongly hydrophobic.26) Hence, different interac-
tions of these three forms with different domains of Nafion are expected. The 
structure ofNafion can be regarded as a kind of an assembly of reversed an-
ionic micelles. Thus, the electrochemical and Raman spectroscopic behavior 
of C3V2+ in solutions containing micelles is examined. The results are 
compared with those for C3V2+ incorporated into Nafion, and the residence 
sites of propylviologen i  Nafion are discussed.
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8.2. Experimental 
 8.2.1. Nafion-coated silver electrode 
      The working electrode was a silver od (5 mm in diameter), and was 
mounted in a Teflon sheath. The electrode surface (0.196 cm2) was polished 
with an emery paper (#2000) and washed with water. A solution (4 X 10-3 
cm3) of Nafion dissolved in alcohol (Aldrich, containing 5% Nafion of EW = 
1100) was spread with a microsyringe onto the Ag electrode and air-dried. 
The thickness of the recast Nafion is roughly estimated as 5.7 µm by using 
1.58 g/cm3 of the wet, Na+-form density 14) The Nafion-coated electrode 
was immersed in a 0.01 M propylviologen dibromide (C3VBr2) solution for 
2 h to incorporate viologen into the Nafion coating. The quantity of elec-
troactive viologen in the Nafion coating was determined coulometrically b  
integrating the current that passed when the electrode potential was stepped 
from -0.2 to -0.7 V, and was 1.6 x 10-7 eq. cm-2.
8.2.2. Electrochemical and Raman measurements 
      Figure 8.1 shows the electrochemical cell for in situ Raman mea-
surements. The cell was made of Pyrex glass. The laser-incident portion of 
the cell was made of optically flat Pyrex glass. The gap between the working 
electrode and the optically flat glass was minimized (typically 1 mm). The 
counter electrode was a platinum wire. The electrolyte solution was 0.5 M 
KNO3, and contained no viologen species. Potentials were measured as, and 
referred to as, volts vs. Ag/AgCI (3.3 M KC1). Electrochemical measure-
ments were carried out using a potentiostat (EG & G, PAR 273A). Prior to 
each measurement the solution was purged with argon for 30 min to exclude 
dissolved oxygen. 
      Raman spectra were excited using a 514.5 nm line (50 mW) of an 
argon ion laser (NEC, GLG3260). The electrode surface was irradiated with 
the laser beam through the optically flat glass. The scattered light was col-
lected in a backscattering geometry. Each Raman spectrum was measured at
5 min after the electrode was stepped to a desired potential. The spectra were
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Fig. 8.1. Electrochemical cell used for in situ Raman measurements.
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recorded using a spectrometer (Jobin-Yvon, T64000) equipped with a multi-
channel CCD detector. For each measurement theintegration time was 300 s. 
All experiments were carried out at ambient temperature.
 8.2.3. Raman spectra in micellar solutions 
      The electrochemical properties and Raman spectra of propylviologen 
in the presence of various types of micelles were measured using the cell 
shown in Fig. 8.1 and a silver electrode (0.196 cm2) without Nafion coating. 
The electrolyte solution contained 1mM C3VBr2 and 50 mM surfactants. 
Cetyltrimethylammonium bromide (CTAB), t-octylphenoxypolyethoxy-
ethanol (Triton X-100) and sodium dodecyl sulfate (SDS) were used as the 
surfactants. The electrochemical and Raman measurements were carried out 
in a similar manner to that described above.
8.2.4. Chemicals 
      Propylviologen was synthesized from 4,4'-bipyridine and 1-bromo-
propane, and recrystallized from an ethanol solution.27) CTAB and SDS was 
obtained from Wako Pure Chemical, and Triton X-100 from Sigma Chemi-
cal. These surfactants were used as received. Other chemicals were of 
reagent grade, and were used without further purification.
8.3. Results 
8.3.1. Cyclic voltammogram of C 3V2+ incorporated in Nafion 
      Cyclic voltammograms of C3V2+ dissolved in anaqueous solution 
and incorporated in the Nafion film are shown in Fig. 8.2. Curve (a) shows 
the voltammogram of 1 mM C3V2+ on Ag in 0.5 M KNO3. Two redox 
couples observed in the voltammogram re attributed tothe well-known two-









a)  0.5M KNO3
b) in Nafion
 1  1  I
-1 .2 —1 -0 .8 -0 .6 -0 .4 -0 .2
E / V vs. Ag/AgCI
Fig. 8.2. Cyclic voltammograms  of (a) 1 mM C3VBr2 on Ag (0.196 
cm2) and (b) C3V2+ incorporated in Nafion-coated Ag electrode (0.196 cm2, 
Fc3V = 1.6 x 10-7 eq. cm-2) in aqueous 0.5 M KNO3. The sweep rate was 
50 mV s-1.
-170-
The respective peak potentials and half-wave potentials are shown in Table 
8.1. The shape of the re-oxidation wave for the second step corresponded to 
that expected for an adsorbed species, which indicates that he doubly reduced 
form  (C3V0) was precipitated on the electrode. Curve (b) shows the 
voltammogram of C3V2+ incorporated in the Nafion film. The redox peaks 
for the first step were observed at around -0.6 V, and the half-wave potential 
(E112) was shifted slightly to a positive potential with respect to that for solu-
tion species (see Table 8.1). Cathodic urrent, which is attributed tohydro-
gen evolution, started to flow from about -0.9 V, and redox peaks corre-
sponding to the second step were not observed in the potential range to -1.0 
V. Hence the redox peaks for the second step is considered to have been 
shifted to potentials more negative than -1.0 V.
8.3.2. In situ Raman spectra of C3V-species incorporated into Nafion 
      Figure 8.3 shows the Raman spectra of propylviologeno  Ag in 0.5 
M KNO3 at various potentials. At -0.2 V Raman bands of C3V2+ were ob-
served at 1169, 1293 and 1636 cm-1,28-32) although their intensities were 
rather low. A line at 1047 cm-1 is assigned to the symmetric stretching mode 
of nitrate anion. At -0.75 V typical bands assigned to C3V+' appeared with 
strong intensity at 822, 1026, 1194, 1244, 1337, 1355, 1510, 1528 and 
1656 cm-1 28-32) The strong intensities are attributed tothe resonance effect 
of C3V+'.30) At -0.95 V new bands appeared at993, 1286, 1412, 1539 and 
1657 cm-1, which are assigned to C3V0.28-31) It should be noted that the 
1657 cm-1 band overlapped with the 1656 cm-1 band of C3V+'. These 
bands were also strong because C3V0 precipitated and accumulated onthe 
electrode as shown by the cyclic voltammogram [curve (a) in Fig. 8.2]. 
(Comparing the absorption coefficient of the doubly reduced viologen at 
514.5 nm with that of the cation radica1,27) the resonance effect of C3V0 is 
considered tobe weaker than that of C3V+'. As will be described later C3V0 
dissolved in solution shows bands with much lower intensities.) Pure C3V0 
bands were not obtained at -0.95 V because the spectra involved scattering
-171-
Table 8.1. Electrochemical data for propylviologen incorporated in Nafion and in micellar solutions .
First reduction Second reduction






0.5 M KNO3 
0.5 M KNO3 
0.5 M KNO3 + 50 mM Triton X-100 
25 mM Na2SO4 + 50 mM CTAB 




























a) E1/2 = 1/2(Epc + Epa) . b) 1 mM C3VBr2 was added to the solution. c) C3V2+ was incorporated in Nafion film 
(FC3V = 1.6 X 1e eq. cm-2). d) The redox peaks for the second reduction were not observed in the potential 






Raman shift /  cm-1
Fig. 8.3. Raman spectra of 1 mM C3VBr2 on Ag in aqueous 0.5 M 
KNO3 at various potentials. A band at 1047 cm-1 is assigned to the sym-
metric stretching mode of NO3-.
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from the species in the solution phase , i.e.,  C3V+', in the vicinity of the 
electrode as well as that from C3V° precipitated onthe electrode. 
      Figure 8.4 shows the Raman spectra of propyl viologen incorporated 
in the Nafion film at various potentials. Raman bands of C3V+' appeared at 
-0.75 V. However, Raman bands indicative of C3V° formation were not ob-
served at -0.95V. (The spectrum at -0.95 V is not shown.) This result is in 
agreement with the observed electrochemical behavior [curve (b) in Fig. 8.2]. 
At -1.0 V a Raman band at 993 cm-1 indicative of C3V° formation appeared; 
that is, the potential for C3V° formation was shifted negatively by 50 mV 
with respect to that for solution species. However, the intensity of the 993 
cm-1 band was extremely ow, and remained almost unchanged when a more 
negative potential (-1.1 V) was imposed. These results how that the forma-
tion of the doubly reduced viologen was thermodynamically less favorable in 
Nafion than in the aqueous solution.
8.3.3. Behavior of C3V-species in the presence of various micelles 
      Cyclic voltammograms of 1mM C3V2+ on Ag in the three micellar 
solutions are shown in Fig. 8.5. Curve (a) in Fig. 8.5 shows the voltammo-
gram in the presence of 50 mM Triton X-100. The E112 values for the first 
and second redox reactions were almost unchanged from those in the micelle-
free solution (see Table 8.1). The peak currents for the first redox peaks are 
nearly equal to those obtained in the micelle-free solution. The re-oxidation 
peak of C3V° showed a diffusion wave, which indicates that C3V° was not 
precipitated onthe electrode. 
      Curve (b)inFig. 8.5 shows the voltammogram in the presence of 50 
mM CTAB. The first redox peaks are complicated, and this unusual behavior 
has not been clarified yet. The second step showed a clear diffusion wave, 
and the E112 value was slightly shifted to a positive potential with respect to 
those obtained inthe micelle-free solution (see Table 8.1). 
      The electrochemical behavior of C3V2+ in asolution containing 50 
mM SDS is shown in curve (c) in Fig. 8.5. While the E1/2 value for the first 







Raman  shift  /  cm-1
Fig. 8.4. Raman spectra of C3V2+ incorporated inNafion-coated Ag 
electrode (0.196 cm2, rC3V = 1.6 X 10-7 eq. cm-2) in aqueous 0.5 M KNO3 
at various potentials. A band at 1047 cm-1 is assigned to the symmetric 
stretching mode of NO3-.
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   -1 .2 -1 -0.8 -0.6 -0.4 -0.2 
           E / V vs. Ag/AgCI 
Fig. 8.5. Cyclic voltammograms of 1 mM C3VBr2 on Ag (0.196 cm2) 
in (a) 0.5 M KNO3 + 50 mM Triton X-100, (b) 25 mM Na2SO4 + 50 mM 
CTAB, and (c) 25 mM Na2SO4 + 50 mM SDS. The sweep rate was 50 mV 
s' 1.
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to a negative potential by about 200 mV with respect to those in the micelle-
free solution. These facts show that the presence of SDS micelles makes the 
first step thermodynamically easier and the second step more difficult; that is, 
 C3V+' is stabilized. Furthermore, all the peak currents were remarkably 
suppressed compared with those in the micelle-free solution and the other mi-
cellar solutions. The suppression n the peak currents for the second step was 
more remarkable than that for the first step. 
      The Raman spectra obtained inthe solution containing Triton X-100 
micelles are shown in Fig. 8.6. Whereas the bands of C3V0 appeared at 
-0.95 V, their intensities were lower than those obtained in the micelle-free 
solution (see Fig. 8.3). As was shown in the curve (a) in Fig. 8.5, C3V° 
was not precipitated on the electrode, but diffused into the solution phase. 
Hence, the scattering intensities were lower than those for the precipitated 
species. 
      Similar spectra were obtained in the solution containing CTAB mi-
celles (Fig. 8.7). Although the voltammogram [curve (b) in Fig. 8.5] did not 
show a well-defined peak for the first reduction, Raman bands of C3V+' and 
C3V0 appeared at-0.75 and -0.95 V, respectively. 
      The Raman spectra in the SDS micellar solution is shown in Fig. 
8.8. The 993 cm-1 band indicative of C3V° formation was not observed at 
-0.95 V, but appeared at a more negative potential of -1.1 V. This potential 
shift is in agreement with the result by cyclic voltammetry [curve (b) in Fig. 
8.2]. The intensity of the 993 cm-1 band was much lower than that in the 
Triton X-100 or CTAB micellar solution, and was hardly enhanced ata more 
negative potential of -1.2 V. These results obtained inthe SDS micellar solu-
tion, i.e., the potential shift for C3V° formation to a negative potential nd the 
low intensity of the C3V° band, were very similar to the behavior for C3V2+ 
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Fig. 8.6. Raman spectra of 1 mM C3VBr2 on Ag (0.196 cm2) in 0.5 M 
KNO3 + 50 mM Triton X-100 at various potentials. A band at 1047 cm-1 is 







Raman shift /  cm-1
Fig. 8.7. Raman spectra of 1 mM C3VBr2 on Ag (0.196 cm2) in 25 mM 
Na2SO4 + 50 mM CTAB at various potentials. A band at 980 cm-1 is 
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Fig.  8.8. Raman spectra of 1 mM C3VBr2 on Ag (0.196 cm2) in 25 mM 
Na2SO4 + 50 mM SDS at various potentials. A bands at 980 cm-1 is 
assigned to the symmetric stretching modes of SO42-.
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8.4. Discussion 
8.4.1. Association of viologen species with micelles 
      In a surfactant solution the concentration f micelles, [M], is related 
to a total concentration f surfactant, Csurf, and the critical micelle  concentra-
tion, CMC, by
[MI = (Csurf - CMC)/n, [8.3]
where ii denotes the aggregation number 33) The micelle concentration in the 
SDS micellar solution is calculated to be 0.7 mM for a surfactant concentra-
tion of 50 mM, using the critical micelle concentration (CMC) of 8.1 mM33) 
and aggregation number of 60.33) Similar micelle concentrations are calcu-
lated for CTAB and Triton X-100 micelles using their CMCs and aggregation 
numbers.33, 4) Therefore, the concentration ofthe micelles is almost he 
same as that of C3V2+ (1 mM) for each micellar solution in this chapter. 
      In the nonionic Triton X-100 micellar solution, the peakcurrents for 
the first redox reaction are nearly equal to those in the micelle-free solution, 
which shows that he diffusion coefficient of the C3V2+ was not changed in 
the presence of Triton X-100 micelles. Hence, C3V2+ was not associated 
with Triton X-100 micelles. The re-oxidation peak for the second step 
showed a diffusion wave, which indicates that C3V0 was associated with 
Triton X-100 micelles. The weaker intensities of the Raman bands of C3V0 
than those in the micelle-free solution confirms this consideration. The pre-
sent results did not clarify whether C3V+' was associated with the SDS mi-
celles or not. Hoshino et al.35) studied the diffusion coefficients of the three 
forms of methylviologen using cyclic voltammetry in the presence of Triton 
X-100 micelles, and reported that he cation radical is associated with Triton 
X-100 micelles. The cation radical of propylviologen ismore hydrophobic 
than methylviologen cation radical 36) Hence, it is reasonable toassume that 
C3V+' was associated with Triton X-100 micelles. 
      In the cationic CTAB micellar solution, acomplicated wave-form for
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the first redox reaction in the cyclic voltammogram was observed [curve (b) 
in Fig. 8.5], and the information about he residence sites of  C3V2+ and 
C3V+' was not obtained. The second reduction step, however, showed a 
clear diffusion wave, which indicates that the C3V0 was associated with 
CTAB micelles. 
      SDS micelles ignificantly affected the electrochemical and Raman 
spectroscopic properties ofpropylviologen. In the cyclic voltammogram, the 
peak currents for the first step were suppressed compared with those in the 
micelle-free solution. This means adecrease inthe diffusion coefficient of the 
electroactive species, i.e., C3V2+, which can be attributed to the association 
of C3V2+ with the SDS micelles. The clear diffusion wave of the second 
step indicates that both C3V+' and C3V0 were also associated with the SDS 
micelles. In addition, the E112 value for the first step was slightly shifted to a 
positive potential with respect to that in the micelle-free solution, and for the 
second step to a negative potential by about 200 mV. The latter potential shift 
was also confirmed by the Raman measurements. These peak shifts clearly 
indicates that he cation radical is more stabilized than the dication in the pres-
ence of SDS micelles. The observed greater stabilization f the cation radical 
compared with the dication suggested that some factors other than electrostatic 
interactions are important. 
      Kaifer and Bard36) studied the electrochemical properties of 
methylviologen in Triton X-100, CTAB, and SDS micellar solutions, and ob-
served a shift in E1/2 for the second step to a negative potential in the SDS 
micellar solution as was also observed inthe present s udy. In addition, they 
observed by UV/Vis absorption spectroscopy that the concentration of the 
cation radical dimer in the SDS micellar solution is greatly decreased. The 
cation radical dimer is produced by the following equilibrium:
2C1V+' (C1 V+*)2, [8.4]
The presence of the other surfactants did not affect the dimerization equilib-
rium. The dimerization of alkylviologen cation radical was less favored in
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nonaqueous solvents than in aqueous media. From these results they sug-
gested that the water-free micelle core was the residence site of  C1V+', and 
that its hydrophobic interactions with the SDS micelle core played an impor-
tant role in the stabilization of the cation radical. 
      In Figs. 8.6 to 8.8, it should benoted that the relative intensity of a 
band at 1510 cm-1 of C3V+' in the presence of the SDS micelles is much 
lower than those in the presence of Triton X-100 or CTAB micelles. This 
band has been assigned to the C3V+' cation radical dimer. The low intensity 
of the 1510 cm-1 band indicates that the dimer production was suppressed in 
the presence of SDS micelles as is the case of C1V+' in the presence of SDS 
micelles by Kaifer and Bard;36) that is, C3V+' in the SDS micellar solution 
resided in water-free core of the SDS micelle. Thus, stabilization of C3V+' 
was caused by its hydrophobic interactions with the SDS micelle core. This 
reasoning was supported by both the small peak currents for the second step 
observed in the cyclic voltammogram and the low intensity of the C3V0 band 
at 993 cm-1 in the Raman spectrum in the presence of SDS micelles. The 
weaker stabilization of C3V2+ compared with C3V+' is reasoned by weaker 
hydrophobic interactions of C3V2+; that is, C3V2+ might interact only with 
the micelle head groups. The doubly reduced form is more hydrophobic than 
the cation radical. Hence, C3V0 is also considered to have resided in the 
SDS micelle core although no direct evidence was obtained from the results in 
this chapter.
8.4.2. Residence sites in Nafion 
      Nafion has a multi-phase structure that he hydrophilic ionic cluster 
domain is microscopically separated from the hydrophobic backbone do-
main 9, 10) Between the two region, the flexible, hydrophobic interfacial re- 
gion exists.11,12)In chapter 7, the cluster-network structure of Nafion 117 
membranes incorporating large organic ations including C3V2+ was studied 
by small angle X-ray scattering (SAXS).37) From the observed SAXS maxi-
mum it was concluded that Nafion membranes incorporating C3V2+ as the 
counterion have ionic clusters with an average diameter ofc.a. 4 nm, which is
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nearly the same size as that of the Nafion membrane incorporating Na+ as the 
counterion. On the basis of the microstructure, Nafion can be regarded as a 
kind of an assembly of reversed anionic micelles that have sulfonate as head 
groups. Comparing the microstructure of Nafion with that of SDS micelles, 
the ionic cluster domain corresponds to the aqueous phase in the micellar so-
lution, and the hydrophobic interfacial region to the micelle core. 
      The electrochemical behavior and Raman spectraof propylviologen 
incorporated into the Nafion film were very similar to those in the SDS micel-
lar solution. For example, the potential for C3V0 formation was shifted to a 
negative potential, and only a small amount of  C3V0 was produced. This 
similarity indicates that he three forms of propylviologen resided in similar 
environments to those in the SDS micellar solution as described above. The 
active sites for the charge-transfer r actions of metal/Nafion composite lec-
trodes are located in the hydrophilic onic clusters.6,38) The clear edox peaks 
for the first step in the voltammogram shows that C3V2+ resided in the ionic 
clusters although C3V2+ might have interacted with sulfonate groups. Fur-
thermore, the observed similarity in the electrochemical and Raman spectral 
properties as mentioned above suggests that C3V+' interacts trongly with 
either of the two hydrophobic regions, that is, the interfacial region and back-
bone domain. It was reported that crystallized parts of the backbone domain 
occupy 12 wt.% of the H+-form Nafion (EW = 1100).39) It is difficult for 
viologen species to be dissolved in such a rigid crystallized region. The inter-
facial region, on the other hand, consists of the amorphous parts of the fluo-
rocarbon backbone and the side chains of Nafion.12) This region is consid-
ered to be flexible nough to permit the penetration f C3V+'. Therefore, itis 
concluded that he cation radical resided in the interfacial region of Nafion. 
The observed stabilization ofC3V+' in the Nafion film is attributed to its hy-
drophobic nteractions with the interfacial region of Nafion. 
      Nevertheless, anintensive dimer band was observed at 1511 cm-1 in 
the Raman spectra of C3V+' incorporated in Nafion (see Fig. 8.4 at -0.75 
V). This fact is not in conflict with our model, where C3V+' resides in the
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hydrophobic interfacial region, because the dimer production isdependent ot 
only on the polarity of solvents but also on the concentration of the cation 
 radical30) The concentration f C3V2+ in the Nafion film is calculated tobe 
about 0.28 M from the surface concentration (1.7 X 10-7 eq. cm-2) and the 
film thickness (5.7 µm). This value is much higher than those in the micellar 
solutions (1 mM) although the peak currents in the voltammogram [curve (b) 
in Fig. 8.2] were low due to a slow mass-transport ate inside Nafion. 
Hence, the high C3V+' concentration in the Nafion film is responsible for 
the observed imer production.
8.5. Conclusion 
      Propylviologen incorporated into the Nafion film showed unusual 
electrochemical and Raman behavior. For example, the E112 value for the 
second redox step was shifted to a negative potentials, and only a small 
amount of C3V0 was produced. The structure of Nafion can be regarded as 
an assembly of reversed anionic micelles. On the basis of this assumption, 
the electrochemical and Raman spectroscopic properties were compared with 
those in solutions containing CTAB, Triton X-100 and SDS micelles, and 
were shown to be very similar to those in the SDS micellar solution. In addi-
tion, the Raman spectra of C3V+' showed that the presence of SDS micelles 
suppressed the dimer formation. This fact suggests that C3V+' resides in the 
hydrophobic micelle core, and that hydrophobic interactions play an important 
role in the observed stabilization of C3V+'. The observed similarity in the 
electrochemical and Raman characteristics of propylviologen incorporated in 
Nafion and dissolved in the SDS micellar solution reveals that hydrophobic 
interactions are also important for the stabilization of C3V+' in Nafion. It is 
therefore inferred that C3V+' resides in the hydrophobic interfacial region 
while C3V2+ in the hydrophilic ionic cluster domain in Nafion. In other 
words, in the Nafion film C3V2+ is reduced to form C3V+' in the hy-
drophilic ionic clusters, and then C3V+' phase-transferred from the hy-
drophilic ionic cluster domain to the hydrophobic interfacial region because of
-185-
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Chapter 9
Bromination of the Methyl Group 
of Toluene on a Pt-Nafion 
Composite Electrode
9.1. Introduction 
     Electrochemical halogenation f aromatic ompounds is a simple, safe 
and non-polluting method and has been widely studied by many  workers.1-5) 
Conventional electrolytic methods require a large amount of supporting elec-
trolyte to give a high conductivity to the electrolyte solution, and a highly 
polar solvent such as anhydrous acetic acid to dissolve the supporting elec-
trolyte. The application of solid polymer electrolyte (SPE) electrolysers to
organic syntheses has been reported by Ogumi et al.6-9) and in chapters 1 to 6. 
The SPE method eliminates the need for a supporting electrolyte, the addition 
of which often leads to difficulties in subsequent product purification 
processes and to unwanted side reactions. This advantage that the SPE 
method needs no supporting electrolyte may further give the flexibility in 
solvent choice; that is, non-polar solvents or neat reactants may be used in the 
SPE method as well as polar solvents. 
     In this chapter, the anodic bromination oftoluene is studied on a Pt-
Nafion composite electrode using neat oluene as the anolyte without adding a
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supporting electrolyte. The reaction mechanism for bromination and the mass 
transport of the reactant in the SPE composite electrode are discussed.
2. Experimental 
     A perfluorosulfonate cation-exchange m mbrane,  Nafion® 415 ( E. I. 
du Pont de Nemours and Co.) was used as the SPE material. After treating 
the Nafion 415 membrane inboiling water, platinum was deposited on one 
side of the membrane by an electroless plating method reported by Ogumi et 
al. 6) The amount of deposited Ptwas typically 9.3 mg cm-2. 
     The SPE composite electrode, with an effectivegeometric surface area 
of 3.1 cm2, was placed in a cell fitted with a silica glass optical window faced 
to the Pt surface of the electrode (Fig. 9.1). The volume of each compartment 
was 6 cm3. A platinum wire was used as the counter electrode. A commer-
cially available fluorescent light (Matsushita Electric and Industrial Co., 
FL15W, 15 W) was placed at 10 cm apart from the optical window. The an-
ode compartment was filled with neat toluene, and the cathode compartment 
with aqueous HBr of various concentrations. No supporting electrolyte was 
added to the anolyte. Electrolysis was carried out galvanostatically using a 
potentiostat/galvanostat (Hokuto Denko, HA301). The total charge passed 
during each run was 800 C unless otherwise noted. During runs the surface 
of the Pt layer of Pt-Nafion was irradiated with the fluorescent light through 
the optical window and the anolyte. When electrolysis was carried out in the 
dark, the cell was placed in a light-shielded box. Electrode potentials were 
measured using a Luggin capillary placed in the cathode compartment?) Po-
tentials were measured as, and referred to as, volts vs. Ag/AgC1 (3.3 M KCI, 
M=moldm3). 
     Product mixtures were analyzed by gas chromatography (Perkin 
Elmer, Model 990). After electrolysis, the catholyte was analyzed without 
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1. Schematic diagram of electrolytic cell. WE = porous platinum 
deposited on Nafion 415 solid polymer electrolyte; SPE = Nafion 
= platinum wire anode; feeder = gold ring current feeder.
9.3. Results and Discussion 
9.3.1. Effects of irradiation of light and reaction mechanismon SPE compos-
ite electrode 
     Table 9.1 shows the effects of the irradiation with fluorescent light. In 
the dark brominated products were sparingly produced. Under irradiation 
with fluorescent light benzyl bromide was obtained with a high current effi-
ciency of 70.5%. Bromotoluene and benzaldehyde w re obtained only with 
trace amounts; hence, the bromination of the methyl group of toluene  pro-
ceeded preferentially. It was reported that aromatic bromination mainly pro-
ceeds in the anodic bromination of toluene using acetonitrile or anhydrous 
acetic acid as a solvent in conventional electrolysis methods.1-5) On the other 
hand, it is well known that he bromination f the methyl group proceeds pre-
dominantly inchemical bromination under irradiation with light.2,10) It is 
therefore considered that toluene reacted photochemically with bromine 
molecules, which were produced electrochemically, in the SPE method. 
     The structure of Nafion, which was used as the SPE material, gener-
ally is accepted tobe microscopically separated into two phases: ahydrophilic 
ionic cluster domain and a hydrophobic polytetrafluoroethylene-like backbone 
domain 11,12) Non-polar organic ompounds such as toluene are known to 
interact only with the hydrophobic domain of Nafion, and cannot penetrate 
into the hydrophilic ionic clusters.13) The active sites of the SPE composite 
electrode are located in the hydrophilic onic clusters 8-10) Since toluene has a 
very low solubility in water, i.e., to the ionic clusters, it cannot undertake 
charge-transfer r actions directly with the electrode because of its very low 
solubility in water. Hence lectro-bromination was sparingly proceeded with-
out irradiation. 
     On the other hand, Br(1-) species resides in the hydrophilic ionic clus-
ters; hence, acharge-transfer r action
2Br(1-) - 2e Br2 [9.1]
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Table 9.1. The effects of irradiation with fluorescent 
    light on the anodic bromination f toluenea).
    Current efficiency / % 
Benzyl Bromo- Benz-
bromide toluene aldehyde








a) The anolyte and catholyte were neat toluene and 5.0 
M aqueous HBr, respectively. Electrolysis was carried 
out at a constant current density of 5.0 mA  cm-2.
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proceeds at the active sites of the electrode, where Br(1-) denotes either Br 
anion or neutral HBr and will be discussed later. The dissociation energy for 
reaction [9.1] is 190 kJ mold (1.97 eV), which corresponds toa wavelength 
of 629 nm.14) Since the solubility of Br2 to organic solvents is relatively 
high, the Br2 molecules produced on the electrode can penetrate into the hy-
drophobic region in Nafion or into the toluene phase in the vicinity of the ac-
tive sites of the electrode. That is, the Br2/Br(1-) redox couple serves as a 
kind of phase-transfer catalysts in the present system. Under irradiation, Br 
radical is formed photochemically in the hydrophobic region of Nafion or in 
the toluene phase in the vicinity of the electrode, and reacts with toluene by the 
following chain  reaction:1°)
Br2 









9.3.2. Effects of current density 
     Figure 9.2 showsthe variations of the current efficiency for benzyl 
bromide production with current density under irradiation with fluorescent 
light. The amounts of other organic by-products such as bromotoluene and 
benzaldehyde w re negligible. The current efficiency for benzyl bromide pro-
duction decreased significantly with increasing current density at each HBr 
concentration. The decrease inthe current efficiency is mainly attributable to 
an increase in the amount of oxygen evolution, which will be discussed in the 
following section. Figure 9.3 shows the variations of the current efficiency 
with the amount of charge passed. Benzyl bromide was not produced in pro-
portion to the amount of charge passed. After 500 C were passed, the current 
efficiency drastically increased. It is considered that accumulation f Br2 at 
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Fig. 9.2. Variations of current efficiency for benzyl bromide  pro-
duction with current density under irradiation with fluorescent light. 
The concentrations of HBr in the catholytes were (0) 1 M, (0) 3 M, 
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 F  i  g  . 9.3. Variations of current efficiency for benzyl bromide pro-
duction with the amount of charge passed under irradiation with fluores-
cent light. The concentration f HBr in the catholyte was 5 M. (0) I = 
5mAcm2; II) I= 10mAcm2.
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9.3.3.  Effects of HBr concentration in the catholyte 
     It is noted in Fig. 9.2 that the current efficiency is dependent on the 
HBr concentration in the catholyte as well as on current density. The current 
efficiency dependence onthe HBr concentration in the catholyte at a current 
density of 5 mA cm-2 is shown in Fig. 9.4. The optimum current efficiency 
was obtained at 5 M. The linear sweep voltammogram foreach HBr concen-
tration at 0.2 mV/s showed the limiting current density at potentials higher 
than about 0.8 V vs. Ag/AgCI. The limiting current density, which is plotted 
in Fig. 9.4, showed a dependency very similar to that of current efficiency on 
the HBr concentration. The driving force of Br(1-) diffusion in the Nafion 
membrane is a concentration gradient of Br(1-) across the membrane b cause 
Br(1-) is supplied from the catholyte to the electrode material through the 
membrane. Since Nafion is a cation-exchange m mbrane, Br is excluded 
from the membrane due to the Donnan equilibrium. Hence the mass transport 
of Br(1-) species was limited at low HBr concentration below 3 M, which led 
to oxygen evolution as a side reaction. However, when the concentration f 
HBr in the catholyte increases, bromide ion, permitted by the Donnan equilib-
rium, or neutral HBr can penetrate into the membrane. The limiting current 
density for the oxidation of Br(1-) therefore increased with HBr 
concentration, resulting in an increase incurrent efficiency for benzyl bromide 
production. 
   Nevertheless, both current efficiency and limiting current density in Fig. 
9.4 decreased with increasing HBr concentration above 5 M. It was reported 
that the hydrophilic ionic clusters, which is the diffusion path for Br(1-) 
species, shrink when Nafion membranes are in contact with concentrated 
electrolyte solutions.15) Similar dependency on HC1 concentration was re-
ported on the conductivity of Nafion 120 immersed in aqueous HC1 solu-
tions16). Therefore the diffusion of Br(1-) in the membrane was again limited 
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Fig. 9.4. Dependencies of (0) current efficiency for benzyl bro-
mide production under irradiation with fluorescent light (I = 5 mA cm-2) 
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